
Novel Uniquely 3D Printed Intricate Voronoi and Fractal 3D Antennas 

Ryan A. Bahr1, Yunnan Fang1, Wenjing Su1, Bijan Tehrani1, Valentina Palazzi2, and Manos M. Tentzeris1 
1Georgia Institute of Technology Atlanta, Georgia, 30332 

2University of Perugia, 06123, Perugia, Italy 

Abstract—While 3D printing has enabled the rapid prototyping 
of numerous 3D structures, only very few designs have exploited 
this technology to create structures that are difficult or impossible 
to manufacture in any other way. In this paper, a novel surface 
modification technique is combined with high-resolution Stereo-
lithography 3D printing to enable arbitrary 3D antenna designs 
that have never been demonstrated before including a Voronoi tes-
sellation for light weight, low volume, and aerodynamic properties 
and 3D fractal geometries featuring similar physical advantages. 
Both antenna topologies utilize a novel metallization technique, 
electroless copper plating, to overcome the highly lossy properties 
of common 3D printed dielectric materials. 

Index Terms—3D printing, Stereolithography, SLA, electroless 
plating, Voronoi, fractal, antenna 

I. INTRODUCTION

3D printing additive manufacturing techniques allow the 
rapid design and fabrication of free-form three dimensional ob-
jects with ease, requiring minimal material to achieve designs 
impossible with traditional subtractive machining.  

In terms of RF, 3D printing offers the unique ability to re-
alize on-demand a wide range of substrate thicknesses and var-
iable dielectric constant values for gradient index substrates 
based on the material or infill, which has already seen utiliza-
tion for dielectric lenses [1]. Most 3D printed designs consist of 
traditional 2D planar designs that are fabricated utilizing 3D-
compatible materials, but often lack a true 3D factor enabling 
the realization of designs that could not be realized otherwise. 
One of the most advantageous features of 3D printed structures 
is the ability to print around the absence of materials leading to 
the easy realization of small or large cavities of complex shapes 
eliminating the need for complex machining and for intercon-
necting separately fabricated parts. A downside to stereolithog-
raphy printing techniques is that the photopolymer resins 
demonstrate a trend of high dielectric losses, a challenge that 
must be overcome to enable a wider utilization for the realiza-
tion of RF designs, especially in higher frequencies [2]. 

To demonstrate the novel designs that 3D printing enables, 
this paper presents the first Sierpinski triangle 3D fractal anten-
nas and the first Voronoi tessellated antennas. Both mathemat-
ically inspired antennas use mathematical formulations to de-
rive new antenna designs which cannot be manufactured in any 
other manner, while utilizing electroless plating to overcome 
the highly lossy nature of commonly used 3D printed dielectric 
materials.  

Fig. 1. (a) Voronoi inverted feed discone antenna model. (b) Fractal Sier-
pinski triangle antenna. 

II. ANTENNA DESIGN

A. Voronoi Tessellated Inverted Feed Discone Antenna

Voronoi diagrams are widely used in a variety of scientific
fields, from demonstrating wireless network capacity, to ma-
chine learning, and robotic navigation. The Voronoi tessellation 
occurs by subdividing a plane into polygons where the size and 
numbers of borders of each polygon is determined by finding 
the half way distance between user-generated seed points and 
finding the midpoint between its neighbors. 

When any 3D model is saved into a STeroLithography (STL) 
file, a format commonly used for 3D printing, the model is dis-
cretized into a series of triangle polygons to rebuild the 3D ob-
ject. Curved surfaces are approximated by the smallest segment 
size, similar to many electromagnetic simulators.  

The Voronoi tessellated antenna consists of an inverted feed 
discone antenna as the base shape [3], similar to a bowtie in the 
radiator dimensions with a length 25.21mm and a flare angle of 
87° for matching. The seed points are generated in order to cre-
ate holes of approximately 2 mm radii. 

Fig. 2. Voronoi Diagrams with (a) 30 and (b) 60 randomly generated seed 
points, respectively. 
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B. Sierpinski Triangle Fractal Monopole Antenna 

The 3D Sierpinski Triangle fractal antenna is designed uti-
lizing a self-similar design consisting of an equilateral triangu-
lar pyramid as the base shape. Assuming that n defines the 
amount of iterations, the amount of triangle pyramids is 4n. The 
proof-of-concept structure presented in this paper is derived for 
n = 2 with an exterior largest edge of length 32.45 mm. For 
each consecutive iteration, the fractal designs occupy 50% less 
volume, which leads to reduced material usage and fabrication 
time for most 3D printing techniques. In order to simulate and 
fabricate, the triangles feature a 10% overlap at the connecting 
vertices in order to strengthen the design for printing and 
mounting.  

III. TWO STEP FABRICATION PROCESS

Two processes for fabrication were utilized in this design. 
First, the dielectric parts were printed with a Form 2 stereo-
lithography printer. For metallization, a new method was at-
tempted to obtain complex conductive coating of intricate 3D 
antennas regardless of the design complexity. 

A. 3D Stereolithography Printing 

While inkjet printing techniques can be characterized with 
the dots per inch (DPI) in which each dot can be represented as 
a 2D pixel, 3D printing characterizes the smallest point of res-
olution as a voxel. A voxel tends to be non-uniform in resolu-
tion on its X, Y, and Z axes. A more advanced method of 3D 
printing, called stereolithography (SLA) was developed in the 
1970’s which exposes photosensitive liquid resins to UV (or 
even visible) light to crosslink the photopolymer. As the mate-
rial crosslinks with the previous layer, the final prints are more 
isotropic in strength than other 3D fabrication techniques. 

The original SLA systems were based around “top down”, 
laser-based exposure where the build plate lowers into a vat of 
the photopolymer resin, with each layer being traced with a UV 
laser from the top. The limitations of a system of this nature 
included the requirement for a vat full of resin equal to the size 
of the print. Recent advances have now use a “bottom up” ap-
proach, where the build plate is pressed against a transparent 
window and the UV exposure occurs from below. This allows 
much larger designs, as only a small amount of photopolymer 
is necessary to cover the transparent window. When the photo-
polymer crosslinks from exposure, the material adheres to both 
the build plate and the transparent window, creating stress 
forces that may split the print from the build plate. In order to 
reduce these adhesion forces, hard transparent windows are of-
ten coated with a Polydimethylsiloxane (PDMS) coating (or 
other non-bonding, flexible material). Photopolymers tend to be 
more lossy than thermoplastic polymers and are of similar die-
lectric constant values [2]. While multimaterial systems have 
been demonstrated for proof-of-concept purposes, there are 
none commercially available and this technique features the ca-
pability of only single dielectric printing as of now, and post 
processing is needed to clean off excess resin from the print [4]. 

The designs herein were fabricated utilizing a low cost 
Form 2 laser-based SLA printer utilizing the Clear resin photo-
polymer (Form Labs) with 25 μm layers using a 140 μm spot 
size, 250 mW, 405 nm laser, leading to a voxel resolution of 
approximately 140x140x25 μm3. The accuracy of a print has a 
tolerance up to approximately 127 μm.  Removable support 
structures were utilized in order to minimalize potential failures 
which may occur due to stress forces between the transitions at 
the tips of the Sierpinski triangles and the large surface area of 
the next printed layer.  

B. Metallization 

Fig. 3. 3D Printed and electroless copper coated (a) Voronoi and (b) fractal 
Sierpinski triangle antenna. 

Metallization remains a major challenge depending on the 
exact printing process or design. Recently, a new copper elec-
troless plating method was developed that is compatible with 
the acrylate nature of the resin [5]. While electroless deposition 
has been demonstrated on SLA prints in the past utilizing gold 
[6], most reported efforts rely on a surface roughness etching 
[7].  

On the contrary, the electroless deposition of copper on the 
SLA printed designs presented in this paper was performed fol-
lowing the procedures reported in [5] that relies on surface 
modification that is compatible with the acrylate resin. with 
modification. Briefly, the samples were immersed in an etha-
nol-based saturated palladium chloride (Sigma-Aldrich, St. 
Louis, MO, USA) solution for 5 min. The samples were taken 
out from the palladium chloride solution, let sit on paper towel 
for 5 seconds (to remove the extra palladium chloride solution 
not absorbed to the samples), and then incubated with a home-
made copper electroless deposition bath for 1 hour in an incu-
bation shaker (25 °C, 100 rpm). The aqueous-based copper 
electroless deposition bath was made by dissolving appropriate 
amounts of cupric sulfate (anhydrous, Mallinckrodt Baker, 
Phillipsburg, NJ, USA) and sodium potassium tartrate tetrahy-
drate (Alfa Aesar, Ward Hill, MA, USA) to realize a concentra-
tion of 0.19 M and 0.67 M, respectively, adjusting the pH of the 
resulting solution to 12.5 using an aqueous NaOH solution, and 
finally adding appropriate amount of formaldehyde (37% in 
water, Alfa Aesar) to make a concentration of 220 mM. The 
copper-coated samples were then carefully rinsed with DI water 
and dried in air.  

After the electroless deposition of the complex struc-
tures was completed, multiple points were measured to verify 
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connectivity, all displaying 0.000 Ω via an ohmmeter. Connec-
tivity was verified between both opposite ends of the device on 
multiple axis, as well as a random assortment of 5 mm separated 
measured points.  

IV. RESULTS 

All simulations were done with CST’s Time Domain Solver, 
while all measurements of the 3D-printed metallized Voronoi 
(Fig. 3(a)) and fractal Sierpinski (Fig. 3(b)) prototypes were 
performed with an Anritsu 37369A VNA. The results 
demonstrate that both antennas are well matched over a broad 
frequency range (Fig. 4) and feature an omnidirectional 
radiation in the azimuth plane (Fig. 5). Frequency shifts were 
originally visible due to variations in the fabricated feeding 
structures, and with additional modeling to take into account 
the length of the SMA connector and its effect on the structure. 
This frequency shift is visible in the Voronoi S11 results. The 
variation in magnitude for the fractal antenna indicates 
additional losses in the system, possibly at the interconnect of 
the SMA and antenna. 

 

 

Fig. 4. Simulation vs Measurement S11 results for 3D printed (a) Voronoi 
and (b) fractal Sierpinski triangle antennas.  

V. CONCLUSION 

3D printed stereolithography with copper electroless plating 
has been demonstrated as a viable method for the realization of 
highly complex 3D mathematically inspired antenna structures 
that have never been fabricated before and were impossible to 
manufacture with conventional methods. This novel reported 
metal-coated-plastic technique allows elaborate designs with 
full and uniform coverage with pure copper, while removing 
the typically high dielectric loss of commonly used photopoly-
mer resins to enable low cost antennas of arbitrary 3D shapes. 
For the first time, 3D fractal Sierpinski triangle antennas and 
Voronoi tessellated antennas are demonstrated, enabled by 
these advances in 3D printing. 

 

 

Fig. 5. Measured radiation patterns for the 3D printed (a) Voronoi and (b) 
fractal Sierpinski triangle antennas. 

 

978-1-5090-6360-4/17/$31.00 ©2017 IEEE1585



VI. ACKNOWLEDGEMENT

The authors would like to thank the national science founda-
tion (NSF) and semiconductor research corporation (SRC) for 
the support to enable this project.  

REFERENCES 

[1] H. Acikgoz, R. K. Arya and R. Mittra, "Statistical analysis of 3D-printed 
flat GRIN lenses," 2016 IEEE International Symposium on Antennas and 
Propagation (APSURSI), Fajardo, 2016, pp. 473-474. 

[2] P. I. Deffenbaugh, R. C. Rumpf and K. H. Church, "Broadband Micro-
wave Frequency Characterization of 3-D Printed Materials," in IEEE 
Transactions on Components, Packaging and Manufacturing Technol-
ogy, vol. 3, no. 12, pp. 2147-2155, Dec. 2013. 

[3] Harris Corporation, "Inverted Feed Discone Antenna and Related Meth-
ods,” U.S. Patent 7 286 095, 2016. 

[4] Zhou, C., Chen, Y., Yang, Z.G. and Khoshnevis, B., 2011. Development 
of multi-material mask-image-projection-based stereolithography for the 
fabrication of digital materials. In Annual solid freeform fabrication sym-
posium, Austin, TX. 

[5] Yunnan Fang, John D. Berrigan, Ye Cai, Seth R. Marder and Kenneth H. 
Sandhage. “Syntheses of nanostructured Cu- and Ni-based micro-assem-
blies with selectable 3-D hierarchical biogenic morphologies,” Journal of 
Materials Chemistry, 2012, 22, 1305–1312. 

[6] Note: Three-dimensional stereolithography for millimeter wave and te-
rahertz applications. Macor, A. and de Rijk, E. and Alberti, S. and Good-
man, T. and Ansermet, J-Ph., Review of Scientific Instruments, 83, 046103 
2012. 

[7] Joseph, S, Quiñones, S, Medina, F & Wicker, R 2007, Effect of surface 
preparation methods on mechanical properties of 3D structures fabricated 
by stereolithography and 3D printing for electroless Ni plating. in 18th 
Solid Freeform Fabrication Symposium, SFF 2007. University of Texas 
at Austin, pp. 377-391. 

978-1-5090-6360-4/17/$31.00 ©2017 IEEE1586



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


