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Abstract—Dielectric printed and plated waveguide 

components offer cost and weight benefits over metal printed 

equivalents, with silver plating using Tollens reagents holding 

significant advantages over electroplating. This work extends 

on previous demonstrations of this process in plating 

stereolithography (SLA) printed resin waveguide parts by 

investigating number of plating rounds, reaction temperature 

and plastic base. It is found that less than 1.5 dB/m attenuation 

is achievable in WR42 waveguide using  white SLA plastic and 

silver plating, comparing favourably with the 10 dB/m 

achieved by printing the same part using Ti64 powder bed 

fusion. This process improvement is further demonstrated 

using waveguide power dividers, slow-wave delay sections and 

rectangular horn antennas.  

 

Index Terms— Additive manufacturing, metal plating, 

silver plating, stereolithography, Tollens reaction, waveguide 

components. 

 

I. INTRODUCTION 

DDITIVELY manufactured microwave and mm-

wave waveguide components have become more 

common in recent years [1]. The most evident 

method for creating metal waveguide parts is through direct 

metal printing technologies such as selective laser melting 

(SLM) [2]. This technique has been applied to a variety of 

microwave components [3]–[6], offering the advantage of 

easily manufacturable mono-block components in an 

already conductive material. SLM printing is, however, an 

expensive process, with components typically suffering 

from higher surface roughness compared to machined parts 

[7]. 

 In contrast to direct metal printing, waveguide parts 

manufactured through dielectric printing and metal plating 

enable low cost and lightweight systems, especially for 

satellite applications [8], [9]. Simple dielectric printing 

technologies such as fused deposition modelling (FDM)  

 
This work was funded by National Research Foundation of South 

Africa (NRF) under grant UID114676 and the University of Pretoria 

Additive Manufacturing for Electronics Systems grant. (Corresponding 

author: A. Simonovic).  

A. Simonovic and T. Stander are with the Department of Electrical, 

Electronic and Computer Engineering, University of Pretoria, Pretoria, 

South Africa.  

E. Rohwer is with the Department Natural and Agricultural Sciences, 

University of Pretoria, Pretoria, South Africa. 

 

and stereolithography (SLA) do not require the costly post-

processing that is needed for binder jet printing, with SLA 

further offering finer resolution and lower surface 

roughness than FDM printing [10]. This is especially true 

in antenna systems [11] where loss as low as 1.5 dB/m at 

K-band has been reported [12] comparing favourably with 

direct metal printing technologies such as SLM.  

The metallization of dielectric waveguide parts requires 

electroless deposition of a conductive layer, either as the 

waveguide wall or as a conductive seed layer for 

electroplating [12], [13]. A variety of electroless metal 

deposition approaches to dielectric-printed waveguide parts 

have been proposed in literature. A commercial spray 

metallisation is used in [14] to create the metal layer on a 

3D printed part. This process requires flame treating to 

improve adhesion before the spray metallisation is applied. 

It also requires that the metallisation spray can reach 

internal geometries of the part that is being plated such as 

in [15] where slots are placed in the W-band waveguide. In 

[11] and [12], a colloidal metal such as nickel or palladium 

is used as a catalyst to create the metal layer. The 

disadvantage of this is that the formation of a metal layer 

on the part requires that there is a direct contact between the 

catalyst and metal solution that is being plated, which limits 

the maximum thickness that can be achieved. In [16] it has 

been shown that colloidal metal catalysts only work if the 

colloidal metals can bind and attach to the plastic, which 

typically requires surface etchants, commonly a chrome 

acid bath. An example of this is the FDM printed parts in 

[17] where acrylonitrile butadiene styrene (ABS) printing 

material is used [18], with a modification in [19] allowing 

for its application on to SLA printed parts. This process, 

however, requires harsh etchants [20]. Dry sandblasting has 

been used to replace chemical etching, which has been 

applied to materials such as those available to SLA printers, 

but with the disadvantage that internal waveguide features 

may not be easily accessible [21]. In  

In many cases, the electroless layer is too thin or lossy to 

serve as waveguide wall, necessitating electroplating after 

the deposition of a conductive seed layer [18]. Metals such 

as copper, gold, tin and silver have been demonstrated in 

this role [21]. A difficulty with electroplating is ensuring 

coverage in parts where anodes cannot be placed. In [22], 

non-radiating slots were cut in to the side walls of the 

waveguide to allow for an improved solution flow within 

the waveguides. Wire anodes were added to the centres of 

A 



the waveguides to ensure there is a suitable electric field for 

electroplating.  

In [23], a simplified process to plate printed parts with 

silver is presented. This process uses the Tollens reaction 

(traditionally used to test for aldehydes) which results in 

silver forming on surfaces present in the solution that serve 

either as electroplating seed layer [24] or electrical 

waveguide. In comparison to other deposition processes, 

the Tollens reaction is found to be relatively simple and safe, 

exhibiting loss of 14 dB/m at W-band. Despite its 

advantages, very little has been published on the refinement 

of process parameters in using the Tollens reagent to create 

dielectric printed waveguides. In [25] the plating process is 

adapted to include palladium colloid, increasing 

complexity and the cost of manufacturing but resulting in 

lower waveguide loss of 10 dB/m at the E-band.  The 

experiments in [25] do not investigate process parameters 

such as the effect of multiple layer deposition rounds, base 

resin or the application of the process to more complex 

waveguide parts.  

In this work, we extend on previous applications of 

Tollens reagents to the production of SLA printed 

waveguide parts. We investigate, for the first time, the 

influence of the number of silver deposition rounds, 

reaction temperature, and base resin material on the 

electrical properties of the finished parts. which extend on 

prior efforts in e.g. [21] to create mm-wave waveguides 

using a Tollens reagent silver layer as a final conductive 

layer, as opposed to a seed layer for electroplating [22]. We 

also demonstrate the process on a variety of waveguide 

components for the first time, including T-junctions, horn 

antennas, and complex sinusoidal time delay sections. 

The paper is organized as follows: 

Section II provides details on the printing and silver plating 

procedure. Section III describes the microwave 

components that were used to test the silver plating process. 

Section IV presents the results describing the performance 

of the silver plating on WR42 straight section waveguide, 

including an investigation into varying process parameters. 

Section V presents the results of the silver plating on all the 

other components presented in Section III. The findings are 

then concluded in section VI. 

II. FABRICATION PROCEDURE 

Dielectric parts were printed and post-processed using a 

Fromlabs From 3 printer [26] and the associated wash and 

cure station. Although parts are sometimes predistorted 

sometimes to compensate for printing error [27], 

predistortion was not used here. Parts followed the 

recommended post-processing steps, including a 10-minute 

rinse in isopropyl alcohol (IPA) in a Form Wash and curing 

for 60 minutes and 60℃ in the Form Cure solution. For this 

experiment, the white and clear resins from Form Labs 

were used [28]. The white resin was investigated because it 

offers an accuracy of 50 µm with minimal post-processing 

and is recommended by the manufacturer for parts that 

undergo surface finishing. The use of clear resin was also 

investigated, as it is capable of an accuracy of 25 µm, which 

may improve surface finishes. 

 

 
Fig.  1. Colour change of the plating liquid when adding 

NH₄OH. The left image shows silver nitrate before adding 

NH₄OH. The center image is while the NH₄OH is being 

added. The right image show the solution after enough 

NH₄OH has be added. 

 

After printing and curing, the parts are first cleaned of 

any oils, whilst handling the parts with gloves to prevent oil 

transfer from skin contact. This is done through ultrasonic 

agitation for 15 minutes in acetone, then in methanol, and 

finally in isopropyl alcohol (IPA), with parts dried at 50℃ 

between each cleaning stage. 

After curing, parts were subjected to the silver-plating 

process described in Fig. 2. A solution of 25 ml distilled 

water and 0.5 g AgNO3 was first poured into a plating 

container, after which NH4OH was added drop-wise to the 

AgNO3 solution, with the solution turning brown after a 

few drops. NH4OH was added until the solution became 

clear again (Fig.  1). Next, 0.35 g of NaOH dissolved into 

25 mL of distilled water was added into the container, 

which turned the mixture brown. Again, NH4OH was added 

dropwise until the solution became clear once again. The 

solution was gently agitated during each NH4OH addition 

to ensure that the solutions were mixed well. 

After preparing the solution, the part was submersed in 

the solution, oriented to avoid trapped air and gently 

agitated to loosen any air bubbles on the surface of the part. 

After all the bubbles were removed from the surface of the 

part, 0.4 g of dextrose dissolved in 10 ml of distilled water 

was added while swirling the solution to ensure that the 

dextrose was mixed throughout the solution. The colour 

changed from clear to grey over a span of 5 minutes, seen 

in Fig.  3. The part was left in the solution for 10 minutes 

until the solution started to become clear, after which the 

part was rinsed and kept in water until the next round of 

silver was deposited. 

 It was found that the deposition time was relatively brief, 

during which all of the silver had reacted, and the 

deposition ceased spontaneously. To increase the silver 

layer thickness, and improve coverage, parts had to undergo 

multiple rounds of the Tollens reaction. The number of 

required plating rounds was investigated as a process 

 



variable. Parts with complex internal geometry were found 

to reduce flow of the plating solution, requiring additional 

rounds of plating. 

 

 
Fig.  2. Process flow diagram for Tollens silver plating. 

 

 

 
Fig.  3. Plating solution after five minutes of reacting. The 

parts cannot be seen because of the silver in the solution. 

 

It was further established that hydrophilic resins allow 

for improved contact between the Tollens solution and the 

printed parts. Hydrophilicity depends on resin synthesis, 

which means that some resins (the exact composition of 

which is usually proprietary and unknown) may feature 

better adhesion to silver from the Tollens reaction than 

others. A hydrophilic resin would further increase the 

amount of silver that forms on the parts for every round of 

the tollens reaction. This informed the investigation of 

different resins in creating the parts.  

III. DEVICES UNDER TEST 

To demonstrate the efficacy of the process with a variety 

of geometries, a range of WR42 waveguide parts were 

manufactured, for operation in the 18 – 27 GHz K-band as 

constituent parts of a series-fed phased array antenna. This 

band is commonly used for satellite communications [8], [9] 

and is often cited as an application of additively 

manufactured (AM) waveguide components. 

Initial designs made use of split block in an attempt to 

avoid poor coverage on internal surfaces, as done in e.g. 

[13], [24]. However, successive attempts showed that it was 

not necessary to use split block assembly for the silver 

plating process that is used here, simplifying the 

manufacturing process. 

A. Straight Waveguide Sections 

The primary test structure was a length of standard 

WR42 waveguide (10.668 × 4.318 mm internal dimensions) 

of 100 mm in length and 1 mm wall thickness, with 

standard FBP220 square flange dimensions. This was 

selected to allow for fair comparison to other AM processes 

in literature [29], [30]. 

  



 
Fig.  4. Straight waveguide section design that is used in 

this work. 

 

B. Time Delay Sections 

To investigate silver adhesion to complex internal 

waveguide geometries, two sinusoid ridge time delay 

sections [31] were produced, with cosine tapers from the 

WR42 port to the internal ridge pattern. The sections were 

designed for 0.628 ns and 0.429 ns delay over 100 mm 

length, respectively, with typical minimum ridge clearance 

of 1.44 mm.  

 

 
Fig.  5. Sectioned view of waveguide time delay section. 

C. Power Dividers 

Three WR42 reactive T-junction power dividers [32] 

were manufactured, with power split ratios of 1:3, 1:2 and 

1:1 achieved by varying the internal septum and iris 

dimensions. The minimum internal aperture dimensions 

were 5.97 mm × 4.318 mm for the 3:1 divider. A section 

top view of the power divider is shown in Fig.  6. The 

divider is symmetrical around the section view. 

 

 
Fig.  6. Waveguide Power Divider 

D. Rectangular Waveguide Horn Antenna. 

Finally, a 13.3 dBi gain WR42 waveguide horn was 

manufactured (Fig.  6), to investigate the plating process’s 

influence on radiation properties. The horn has an aperture 

size of 19.47 mm × 17.24 mm, with a length of 37.25 mm 

and wall thickness of 1 mm.  

 

 
Fig.  7.  Horn Antenna 

 

IV. PARAMETRIC VARIATIONS IN MANUFACTURING 

PROCESS 

Before creating the final plated DUTs, a parametric study 

was conducted on different plating process choices. The S-

parameters of the 100 mm length WR42 waveguide section 

is used to discriminate between plating choices, with S21 

commonly used as a loss metric in these experiments in 

literature [13], [23], [25]. The S-parameters were measured 

on an Anritsu MS4647A VNA from 18 GHz to 27 GHz (Fig.  

8), using Short-offset-Short-Load-Through (SSLT) 

calibration at the flanges with six sliding load 

measurements.  

 



 
Fig.  8. Straight section being measured on the VNA. 

A. Base resin comparison  

The results in Fig. 9 show a comparison between 

waveguides printed in the white and clear resin offered by 

Formlabs with 4 rounds of plating. As the parts are air-filled 

and completely metallized, the dielectric properties of the 

material are not a performance consideration. Instead, the 

different base materials are compared for adhesion and 

uniformity of the silver plating, which alter the outer 

conductivity of the part and manifest as transmission and 

reflection loss. The higher reflection coefficient of the clear 

resin waveguide, when compared to the white resin, is 

attributed to a poorer flange contact interface. However, 

reflection alone does not explain the low transmission, 

which may be the result of extreme absorption or radiation 

loss due to a poor silver plating finish in the corners of the 

clear waveguide (Fig.  10). 

This result was found consistently in experimentation, 

and as such, all subsequent experiments were conducted 

with the Formlabs white resin.  

 
Fig.  9. S-parameter results of white and clear resin straight 

sections. 

 

 
Fig.  10. Oxidation in the corners of a clear resin waveguide 

(left) vs the corners found in white resin waveguide (right). 

 

 

B. Number of plating rounds 

The coverage and thickness of the silver layer is affected 

by the number of silver rounds the part undergoes. 

Waveguide transmission response was considered the most 

direct measure of the effective RF conductivity of the layer, 

as dc sheet resistance fails to account for the skin effect. As 

a start, to examine plating thickness explicitly, glass slides 

were plated with a varying number of rounds ranging from 

one to five. Glass was used because for low surface 

roughness, making the thickness of the silver layer more 

distinct. Plastic slides were attempted but the surface 

roughness of the printed plastic masked the thickness of the 

silver layer.  The results in Table I would indicate a 

significant increase in silver layer thickness up to 3 rounds 

of plating, with modest increases up to 5 rounds. A 



minimum thickness of 2 µm was maintained for both 4 and 

5 rounds of plating. 

 

Table I 

Silver Thickness for Differing Number of Silver Plating 

Rounds. 

Number of 

Rounds 

Average thickness 

(µm) 

Minimum thickness 

(µm) 

5 7.54  2 

4  6.76 2 

3  6.93 1.22 

2  2.87 1 

1  0.6 NA 

 

Considering that the skin depth of silver is 0.423 µm at 

22.5 GHz, 3 layers of plating would equate to 16.4 skin 

depths, while 5 layers would lead to 17.8 skin depths or 

99.99% of the total surface current distribution. It was 

further found that one round of plating did not create a 

consistent layer of silver, with holes clearly evident in the 

coating (Fig.  11).  

 

 
Fig.  11. Microscope image of the silver surface on the 

glass slides after one round. Dark areas indicate holes in 

the silver plating. Grid spacing is 50 m.  

 

In contrast, the surface with four rounds of plating is 

shown in Fig.  12, indicating a textured, but consistent 

plating surface. 

 

 
Fig.  12. Microscope image showing the silver surface 

with four rounds of plating. The surface is textured but has 

no holes. Grid spacing is 50 m. 

 

Subsequently, the straight waveguide DUT underwent 6 

rounds of silver plating with measurements taken after each 

plating round. In Fig. 13, the input reflection S11 for 1 – 4 

rounds is shown, indicating significantly reduced contact 

resistance and lower reflection at the flange after four 

rounds of plating. From the transmission responses for 1 – 

4 rounds shown in Fig.  14, it is evident that sufficient 

coverage for an effective internal electric wall is only 

attained after four plating rounds, which is subsequently 

applied throughout the study.  

 
Fig.  13. Measured S11 of white resin waveguides after 

multiple rounds of silver plating. 

 



 
Fig.  14. Measured S21 of white resin waveguides after 

multiple rounds of silver plating. 

 

The transmission responses for 4 – 6 rounds of plating in 

Fig.  15 would indicate that further plating after four rounds 

does not hold much benefit. While the improvement in 

transmission magnitude from three rounds to four rounds is 

70 – 100 dB/m, the improvement from four rounds to five 

is only 0.7 dB/m and only 0.2 dB/m when comparing five 

and six rounds. A minimum of 1 dB/m was achieved over 

the band with six plating rounds, with less than 2.4 dB/m 

over the band achieved with four rounds. 

 
Fig.  15. Transmission loss with more than four rounds of 

silver plating. 

C. Minimising oxidation  

In [33] the performance degradation of a silver plated 

waveguide is investigated. It was found that oxidation had 

a minor, but measurable effect on loss. In this experiment, 

it was found that silver plated parts experience some 

oxidation, visible as black or darker discolouration. The 

reaction rate was slowed [34] through lowering the reaction 

temperature to 10˚C by refrigerating the solution before 

plating, though a systematic study of the effect of reaction 

temperature was not conducted. Air exposure between 

plating rounds was also reduced by placing the parts in 

distilled water during the preparation [35] and immediately 

after each plating round.  By not using the oven to dry the 

parts, oxidation (due to increased temperature) is reduced.  

 

Fig.  16. Comparison of two waveguide manufactured at 

different temperatures. The waveguide that is dried in an 

oven (left) shows a less uniform surface finish than the 

waveguide that is kept in distilled water (right). 

 

In Fig.  16, two waveguide flanges are shown. The 

waveguide on the left was dried in the oven and left in open 

air between plating rounds, while the waveguide on the 

right was kept in cooled distilled water as well as plated at 

a lower temperature. Making the parts this way improved 

the performance of the part slightly, producing loss of only 

2.1 dB/m instead of 2.4 dB/m. 

V. STRAIGHT SECTION CHARACTERISATION RESULTS 

In Fig.  17 and Fig.  18, the silver-plated SLA waveguide 

with four rounds of plating is compared to a commercial 

off-the-shelf section of waveguide and a metal-printed 

waveguide of the same length. The commercial waveguide 

is manufactured in copper with silver plating, while the 

SLM-printed waveguide was manufactured using an EOS 

EOSINT M290 and EOS Titanium Ti64 Grade 23 powder, 

with the flanges skimmed to reduce the surface roughness 

but otherwise left untreated.  

While the SLA waveguide features marginally higher 

input reflection than the others (attributed to slight corner 

rounding or flange offset [36]), as shown in Fig.  17, the 

insertion loss of the SLA waveguide compares well to that 

of the commercial waveguide (which featured below 1 

dB/m loss). The higher loss in the SLM part may be 

attributed to the surface roughness [37] and may be 

improved on further with polishing between plating rounds 

[38]. However, considering the comparison to other 

additively manufactured waveguides in TABLE II, it is 

evident that this process already produces waveguide with 

competitive performance at K-band. 

 



 
Fig.  17. Comparison of S11 between a white SLA 

waveguide, an off-the-shelf waveguide (VT100) and a 

metal printed waveguide. 

 

 
Fig.  18. Comparison of S21 between a white SLA 

waveguide, an off the shelf waveguide (VT100) and a metal 

printed waveguide. 

 

 

 

 

TABLE II 

Comparison of Additively Manufactured Waveguides. 

Source Loss dB/m @ 

Frequency 

Plating Type 

[39] 4.3 dB/m @ Ka-

band 

Binder Jetting with 

metal infiltration 

[23] 14 dB/m @ 75-

110 GHz 

SLA with Tollens 

silver plating 

(original) 

[29] 11 dB/m @ K-

band 

Silver ink 

dispensing on FDM 

[10] 1.29 dB/m @ Ku-

band 

FDM with liquid 

metal filling 

[3] 0.58 dB/m @ X-

band 

FDM ABS with 

copper 

electroplating 

[5] 3.75 dB/m @ X-

band 

SLS printing 

This 

Work 

SLA 

2.1 dB/m @ K-

band 

SLA with 4 rounds 

of Tollens silver 

plating 

This 

work 

SLM 

10 dB/m K-band SLM titanium 

printing 

 

Multiple straight sections were manufactured to 

determine the repeatability of the process. Mid-band 

variation of ~2 dB/m is evident, with a worst-case insertion 

loss of below 4.5 dB/m mid-band (Fig.  19). 

 
Fig.  19. Transmission response of multiple identical 

straight section waveguides. 

 

The cost of the non-reusable material used to plate the 

straight waveguide sections (16.4 cm3) totalled $17.00 

when four rounds of silver are used, which is substantially 

cheaper than direct metal printing or conventional 

machining or extrusion. 

VI. EXPERIMENTAL RESULTS OF OTHER DUTS 

Using the best-practice plating process choices 

established by experimentation in the previous section, the 

other DUTs were subsequently printed and plated. The time 

delay sections, and power dividers were measured in the 

same manner as the straight waveguide sections, while the 

horn antennas were measured in a compact range, with full 

azimuth and elevation patterns taken every at 250 MHz 

intervals between 18 and 27 GHz. All simulations were 

performed in CST Microwave Studio 2022, using the time 

domain solver. 



A. Time Delay Sections 

The transmission of the three delay sections are shown 

in Fig.  20, clearly (and expectedly) indicating more loss in 

the longer delay section. To achieve the results shown here, 

the branch with the greatest time delay underwent eight 

silver plating rounds. This example illustrates the need for 

more plating rounds in complex geometries with narrow 

internal clearance dimensions. Branches 2 and 3 were 

design to have very similar delay characteristics but branch 

2 was not subjected to extra rounds of plating like branch 3. 

This is evident in the figure, where branch 3 features much 

lower loss than branch 2. 

 
Fig.  20. S21 Measurement of the time delay sections. 

 

The group delay results are shown in Fig. 21, and 

compare well to simulated values.  The fewer plating 

rounds of branch 2 did not significantly affect the achieved 

group delay when considering how closely branch 3 

matches its simulated response. 

 

 
Fig.  21. Group Delay of the time delay sections. 

 

B. Power Dividers 

The simulated and measured results of the 3:1, 2:1 and 

1:1 power dividers are shown in Fig.  22, Fig.  23 and Fig.  

24, respectively, with less than 0.2 dB difference in the 

transmission responses (S21 and S31) in all cases. The 

printed parts feature marginally higher input reflection at 

the lower band edge compared to simulation. 

 
Fig.  22. First divider with a power division of 3:1. 

 

 
Fig.  23. Second power divider with a division of 2:1. 

 



 
Fig.  24. Third power divider with a division of 1:1. 

C.  Horns 

In the final DUT experiment, the gain of the SLA printed 

horn is compared to an SLM printed equivalent. The 

comparison of co-polarisation gains in Fig.  25 indicates 

excellent agreement in radiated properties, with the SLA 

part featuring 12.93 dBi boresight gain compared to 12.89 

dBi for the SLM printed horn and 13.25 dBi in simulation.  

 
Fig.  25. Comparison of SLA, SLM and simulated horns 

during an azimuth sweep measuring co-polarisation. 

 

The cross-polar gain is shown in Fig.  26. The non-

negligible cross-polar gain (evident in both antennas at 

around -10 dBi) may be attributed to minor printing 

deformation which is visible when looking into the horn 

flange. 

 
Fig.  26. Cross polar radiation measurement. 

 

 

The boresight gains for the SLM and SLA printed 

antennas are shown in Fig.  27, and match closely. The SLA 

horn has a marginally larger gain than the SLM horn 

antenna, most likely a result of the surface roughness of the 

SLM printed parts. 

 

 
Fig.  27. Boresight gain versus frequency for the SLA and 

SLM printed horn antenna. 

VII. CONCLUSION 

We have presented, for the first time, a detailed process 

guideline and process parametric study on the production 

of microwave waveguides by SLA dielectric printing and 

silver deposition by Tollens reaction. It is found that, using 

a commercial resin with four plating rounds, loss of 2.4 

dB/m can be achieved at K-band, with 1.5 dB/m achievable 

with six plating rounds. This compares extremely well with 

the 4.3 dB/m at K-band achievable with binder jetting, 

while being much cheaper at $17.71 per part. It also shows 

that the process is suitable to plating waveguide parts with 



complex internal geometries and produces horn antennas 

with negligible reduction in radiation efficiency compared 

to simulation.  

Future work may investigate the effect of pumping the 

plating solution through the waveguide during the reaction, 

as well as investigate the reliability of the parts (in 

particular, the peel strength of the silver layer) under 

temperature variation, shock and vibration.  
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