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ABSTRACT 

This research presents an investigation of high-performance antennas and beamforming 

networks with complex geometric features that are uniquely enabled by distinct design 

spaces created from the intersection of microfluidics, applied electromagnetics, and 

additive manufacturing. Each design space is explored by a demonstration vehicle that can 

be used to test key concepts relevant to the types of structures and challenges to current 

fabrication techniques they are targeted to address. The first demonstration vehicle 

involves the development of structurally embedded vascular antennas to provide 

reconfigurable electromagnetic antenna properties in multilayer and complex curved 

surfaces. The second investigates the development of compact multi-port contorted 

waveguide networks that provide signal routing and a discrete Fourier transform of the 

signal for beam switching applications. Each vehicle provides a distinct pathway that 

leverage design for additive manufacturing whose goal is to develop new high frequency 

components and devices. 

Structurally embedded vascular antennas are functionalized by embedding sacrificial 

materials into the layup of a structural composite and formed using a mandrel to set the 

desired geometric structure. After the composite has been cured microvascular structures 

with desired geometric patterns are embedded between composite lay-ups. Controlled 

transport of liquid metal through these embedded capillaries enables functionalization of 

the additively manufactured structure into an antenna or antenna array reconfigurable over 
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a wide range. Two distinct structures have been pursued as a demonstration vehicle to 

leverage these concepts. These are, a multilayer structure with distinct geometrical 

patterns positioned in separate layers and a complexly curved composite shaped to 

resemble the leading edge of an Unmanned Aerial Vehicle.  

The “contorted waveguide” topologies are electromagnetically functionalized through a 

pressure-driven electroless metallization process that deploys fluid-flow through the 

structure as a means of chemically depositing the conductive layer required to support 

low-loss wave propagation and guidance. The resulting workflow developed for these 

components provide a novel low-cost and low-waste-generating process for realizing 

millimeter-wave volumetric structures that would be challenging if not impossible to 

fabricate through conventional techniques. The design, fabrication, and experiment of a 

four-input and four-output beamforming network referred to as a butler matrix is used as 

a demonstration vehicle to showcase the capabilities and study the limitations of contorted 

waveguide structures.  
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CHAPTER I  

INTRODUCTION  

 

Technological advances in the fields of sensing, communication, robotics, autonomous 

vehicles, wearable electronics etc. necessitates the development of advanced and high-

performance Radiofrequency (RF) and Electromagnetic (EM) devices. The advent of fifth 

generation (5G) of wireless communication is constantly pushing for increase in the 

transmission rates, coverage, and number of connections. The concept of Internet of things 

(IoT) will lead to an exponential increase in the number of devices and sensing systems, 

connecting everyone and everything. These have increased challenges for RF engineers to 

develop high performance EM and RF components without compromising on users’ 

comfort or aesthetics of the device. Conventional fabrication techniques pose serious 

constraints on developing structures with complex geometry which could possibly restrict 

the growing demands of devices suitable for the expanding market. Researchers are 

always on the lookout for alternative fabrication technologies which could offer similar 

performance as conventional technologies at lesser cost and in short time. Among the 

different fabrication techniques Additive Manufacturing (AM) or 3D printing technology 

has advanced significantly in the last decade and this technology enables easy and fast 

prototyping of geometrically-complex structures at low-cost and in considerably less time, 

offering the desired performance metric as conventional fabrication techniques. 

Combination of additive manufacturing with fluidics or microfluidics enables creation of 

geometrically complex and contorted RF and EM devices like antennas, hybrids, filters 
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etc. which can lower barrier for some of the challenges seen with conventional fabrication 

techniques today.  

 

Additive manufacturing is the process of developing lighter, stronger systems or parts by 

depositing layer upon layer of substrates. AM techniques have been in practice for 

multiple decades now along with other popular techniques like subtractive manufacturing. 

But, circa 2012 exponential increase in patents in the field of AM has been observed, 

which bought in new advances in the field and expanded the field of application for 

additive techniques. There has been constant effort from the research community to 

develop efficient AM techniques reducing defects introduced in the process of fabrication 

and making the process of manufacturing streamlined, in lesser time and cost-effective 

way. Applications of AM is seen across various industries and sectors like space, 

aerospace, construction, manufacturing etc.. AM is emerging as a popular choice across 

different sectors as a tool to design structures with complex geometry in less time and 

lesser cost, otherwise challenging not to mention impossible with conventional fabrication 

techniques. Impact and evolution of AM in aerospace industry is enumerated in [1]–[3]. 

These articles explore the new opportunities and avenues that could potentially be 

generated using AM. AM cuts down time to market and fabrication cost of complex 

components required in aerospace. Other industries where application of AM is 

widespread are in space, construction and manufacturing [4]–[7]. AM is also increasingly 

being used in the design of EM devices, antennas and RF components to print complex 

geometry in less time and cost. Application of AM to print complex antennas like fractals, 
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horns, lens and various others are explored in [8]–[14]. Apart from antennas complex EM 

devices like couplers, filters, power combiners are also fabricated using additive 

techniques [15]–[18]. These EM devices offer similar performance at lower cost and has 

much higher ease of fabrication. 

 

Fluidics or microfluidics is broadly defined as the study of liquid in motion and this 

property of fluid could be exploited to obtain mechanical or electronic functions. Selective 

flow of fluid in closed space obtained by application of pressure could offer interesting 

solutions to problems across various disciplines like biology, chemistry, electronics etc.. 

Bones of cuttlefish are an example of a natural biological system containing multiple 

parallel microscopic chambers which are reinforced by winding wall like structures. Fluid 

moves through cuttlebones at different pressure and flow rates. Application of 

microfluidics in the areas of  biology, chemistry and medicine has been here for decades 

[19]–[21]. Application of fluidics or microfluidics span beyond its traditional filed and it 

is being widely used in developing electronics. Microfluidic devices are soft and extensive 

research is being carried out to integrate these soft components into electronics, in place 

of traditional insulators, conductors or semiconductors.  Microfluidic electronics is an 

emerging field of study whose applications range across different sectors like bio-inspired 

devices, body-worn healthcare and medical sensing systems [22]–[24]. Interesting 

application of microfluidics has been shown in the implementation of antennas, 

engineered EM materials and EM devices as switches, in place of conductors, beam 

scanning applications etc. [22]–[28]. These microfluidic EM structures offer similar 
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performance as conventional metallic antennas with ease of shape reconfiguration and 

invisibility to radar signals upon retraction of liquid metal from the capillaries.   

 

This dissertation explores the design, analysis, fabrication and measurement of 

geometrically complex and contorted electromagnetic structures and antennas additively 

printed and functionalized using fluidic or microfluidic concepts. Broadly two distinct 

electromagnetic structures are studied in this dissertation. The first structure is an antenna 

which is additively embedded as microvascular cavity inside an epoxy composite and 

functionalized to operate as an antenna by controlled transport of liquid metal through 

those embedded capillaries. The second structure, a contorted waveguide Butler matrix 

has been additively printed and metallized by selective flow of metal bath solution to 

operate as a beam forming network. The scope and limitations of these structures are 

established through investigation of measured and simulated results. The dissertation is 

divided into three chapters summarizing the background, accomplishments and results. 

The key aspects covered in each chapter are enumerated in the next section.  

 

Summary and Key Contributions 

• Chapter II: Multilayer and Conformally Integrated Structurally Embedded Vascular 

Antenna Arrays 

▪ Demonstrated the ability to engineer multi-layer and conformally curved 

reconfigurable antennas enabled by the transport of liquid metal in structurally 

embedded vascular networks. 
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o Demonstrated that vascular networks can be fabricated on two consecutive 

(closely spaced) layers of fabric in the composite layup.   

o Demonstrated that vascular networks can be embedded with distinct pattern in 

a complexly curved composite mimicking the shape of a UAV wing. 

▪ Developed expertise in the design, fabrication, and electromagnetic 

functionalization of these structures that leads to a better understanding of the 

challenges they present and the opportunities they provide. 

o Successfully utilized the technique to create a multi-layer SEVA in which two 

co-located reconfigurable antennas can be utilized synergistically for radiation 

and impedance tuning. 

o Successfully utilized the technique to demonstrate beam scanning of a three-

element array on a complex curved composite and reconfigurable over a 

decade of frequency range. 

o Identified the prerequisites, limitations and challenges of fluid (liquid metal) 

flow in similarly embedded complex geometry EM devices and antennas. 

• Chapter III: Electroless Metallization of Additively Manufactured Structure 

▪ Demonstrated the assembly and operation of a low-cost, selective and low-waste 

generating metallization technique for electroless deposition of V-band additively 

manufactured EM devices. 

o Demonstrated the assembly and operation of a closed loop system with 

peristaltic pump at the heart to selectively metalize EM structures using 

electroless deposition techniques. 
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o Brought to light the deposition of precipitates during the metallization process 

and introduced filter in the path of electroless solution to improve overall 

performance of metal plated EM devices. 

▪ Developed proficiency to understand fluid flow inside closed contoured complex 

geometries and expand the current metallization technique to understand the scope 

and challenges in metal plating multiport complex EM structures. 

o Developed appropriate connectors and techniques for smooth flow of 

electroless metal bath inside 2-port and multiport waveguides, hybrids, 

antennas etc.  

o Developed understanding of fluid flow inside complex geometry to 

successfully metallize complex EM structures with curves and bends as well 

as intricate patterns. 

• Chapter IV: Three-dimensional Design, Analysis and fabrication of Beam forming 

networks 

▪ Demonstrated the ability to analyze, design, and fabricate non-planar three-

dimensional beamforming network printed using additive manufacturing 

techniques 

o Demonstrated that complex waveguide curves and bends can be designed to 

maintain rotational symmetry and preserve the polarization of the structure. 

o Demonstrated that non-planar fully three-dimensional Butler matrix can be 

designed to operate successfully over the frequency range of 57-64 GHz. 
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▪ Developed expertise in analyzing limitations of current additive techniques in 

design of EM devices and find possible solutions to alleviate these challenges. 

o Identified the source of anomalous reflections observed in measurements (not 

simulations) by analyzing mode converters and other locations susceptible to 

the impact of fabrication workflow. 

o Successfully established the relationship between fabrication limitations on 

performance of complex waveguide structures with multiple twists and bends. 
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(2019) 
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CHAPTER II  

MULTI-LAYER AND CONFORMALLY INTEGRATED STRUCTURALLY 

EMBEDDED VASCULAR ANTENNA (SEVA) ARRAYS 

 

This chapter presents the design and fabrication of two multi-element Structurally 

Embedded Vascular Antennas (SEVAs). These are achieved through advances in 

additively manufactured sacrificial materials and demonstrate the ability to embed 

vascular microchannels in both planar and complex-curved epoxy-filled quartz fiber 

structural composite panels. Frequency-reconfigurable antennas are formed by these 

structures through the pressure-driven transport of liquid metal through the embedded 

microchannels. The planar multi-layer topology examines the ability to fabricate two co-

located radiating structures separated by a single ply of quartz fabric within the composite 

layup. The multi-element linear array topology composed of microchannels embedded on 

to a single-layer are used to demonstrate the ability to conformally-integrate these 

channels into a complex curved surface that mimics an array of antennas on the leading 

edge of an Unmanned Aerial Vehicle (UAV). A parallel-strip antipodal dipole feed 

structure provides excitation and serves as the interface for fluid displacement within the 

microchannels to facilitate reconfiguration. The nominal design of the SEVAs achieve 

over a decade of frequency reconfiguration with respect to the fundamental dipole mode 

of the antenna. Experimental and predicted results demonstrate the operation for canonical 

states of the antennas. Additional results for the array topology demonstrate beam steering 

and contiguous operation of interconnected elements in the multi-element structure. 
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Background 

Unmanned Aerial Vehicles (UAV) are deployed to serve a wide variety of commercial, 

municipal, and defense applications including health care, public safety, mobile network 

coverage diagnostics, etc. [29]–[31]. The growing utilization of UAV-based application 

spaces and the growing complexity of their missions have increased the need for more 

robust communication and sensing systems that support these wireless links. This has 

facilitated a need for robust, shape-conformal and frequency reconfigurable antennas and 

phased arrays that can adapt to dynamic operational scenarios; these vehicles (controlled 

remotely or autonomously) are also required in many scenarios to maintain reliable and 

long-range communication with a ground station. Reconfigurable, multi-band, and/or 

broadband omnidirectional antennas used in UAV applications have been proposed in 

response to this (e.g., [32]–[37]). Antenna arrays have also been used in-place of single 

antennas in these applications to provide enhanced gain and scanning capabilities (e.g., 

[38]–[40]).  

 

Antennas considered for use in UAVs are often derived from canonical planar topologies. 

The integration of these antennas on/in to the UAV presented challenges and numerous 

efforts have been carried out to embed these antennas into load bearing structures (even 

conformal to their surfaces). These efforts mainly focused on improving structural 

efficiency and antenna performance. Various efforts in this direction resulted in 

development of vertically grown carbon nanotubes and carbon composite fibers used for 

fabrication of load bearing antennas having desirable RF and mechanical performance 
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[41], [42]. Similar load bearing antennas, like Conformal Load bearing Antenna Structures 

(CLAS) and Composite Smart Structures (CSS), have been proposed to overcome 

geometrical limitations and eases integration with a non-planar surface [43]–[46]. 

Examples of CLAS include MEMS reconfigurable pixelated patch antennas and bi-layer 

log periodic antenna arrays [47], [48]. Antennas and antenna arrays designed using high 

strength metal coated fibers suited for stress, weight and shape critical applications 

provide synergistic advance [49]–[51].  

 

The development of load bearing antenna technologies has been critical in the deployment 

of radiating systems that can withstand the extreme environments and physical conditions 

encountered by both traditional aircraft and UAVs [52]–[55]. Advances in additive 

manufacturing using liquid metal as a reconfiguration mechanism [56], [57] have been 

demonstrated recently to impart a greater degree of electromagnetic agility into the design 

space of conformal load bearing antenna systems. Previous work on the load bearing, 

structurally embedded vascular antenna (SEVA) [57] demonstrated the frequency 

reconfigurability of a dipole antenna meandered in exponentially increasing sinusoidal 

pattern. The effective (resonant) length of the embedded dipole was varied using pressure 

driven transport of liquid metal (eGaIn) [58] to operate the antenna over a wide frequency 

range. The prior work [59]–[62] on embedded structures emphasize on the mechanics, 

materials and fundamental concepts used to emphasize the functionalization of antennas 

in structurally embedded environments. The repeatability and stability of antenna 

characteristics make this structure an extensible demonstration vehicle to use in future and 
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ongoing efforts. In this work the design is used to demonstrate the ability to engineer 

multi-layer and conformally curved reconfigurable antennas enabled by transport of liquid 

metal through the embedded microvascular channels. This is illustrated through two 

unique designs- First it is used to demonstrate an antenna with vascular networks 

fabricated on two closely spaced and consecutive layer of fabric in the composite lay-up. 

In the second design it is shown that vascular networks with distinct pattern can be 

fabricated in a complexly curved substrate mimicking the shape of a UAV wing. These 

structurally embedded vascular antennas operate over a decade of frequency in a single 

footprint.  

 

To demonstrate the concepts of electromagnetically functionalized antenna controlled by 

transport of liquid metal straight line dipole as well as modified dipole with exponentially 

increasing sinusoidal patterns are considered. Dipole is the simplest type of antenna 

consisting of two identical conductive elements such as metal wires or rods. It produces 

an omnidirectional radiation pattern supporting a line current that has only one node at 

each end. A radiating dipole is half wavelength in length measured from end to end 

consisting of two quarter wavelength sections. The current distribution is of standing wave 

approximately sinusoidal along the length of dipole with nodes at each end and antinode 

at the center. Two wire dipole with frequency of resonance at 2.4 GHz with 

omnidirectional radiation pattern is shown in Figure 1.  
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(a) 

 

(b) 

 

(c) 

Figure 1 Characteristics of a two-wire dipole. (a) Two wire dipole excited in the 

center (b) Frequency response of the dipole (c) Radiation pattern of the dipole in xz- 

(left) and yz- (right) plane. 
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The first configuration, Multilayer SEVA (ML-SEVA) explored in this chapter 

investigates dipoles structurally embedded in epoxy composite. One of the layers has 

straight dipole while the other layer has exponentially increasing sinusoidal dipole 

embedded in the composite.  The second configuration, SEVA conformal linear array 

(SEVA-CLA) consists of three exponentially increasing sinusoidal dipoles embedded in 

the epoxy composite, which work together as an antenna array. Antenna arrays typically 

consists of multiple antenna elements arranged in linear, planar or volumetric fashion, 

where phase and magnitude of each element is varied to obtain beam scanning in space. 

Figure 2 show the beam scanning along 360 degrees in space using three-element isotropic 

elements.   

 

 

 

 

 

 

 

 

Figure 2 Beam scanning using three isotropic antenna elements. 

 

The organization of this work on multi-element frequency reconfigurable SEVAs follows. 

First the design and fabrication of a multi-layer SEVA (ML-SEVA) is presented. The 

multi-element SEVA conformal linear array (SEVA-CLA) integrated onto a complex-
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curved surface is discussed next. The last section includes measured and simulated results 

from these structures. A brief discussion concludes the chapter.

 

Full-wave electromagnetic 

solver [63] is used for simulation of these structures. 

 
 

Design and Fabrication 

Multi-layer SEVA (ML-SEVA) 

Figure 3 shows the CAD model and notional composite lay-up of the multi-layer SEVA 

(ML-SEVA) presented in this work. The design and operation of this two-layer ML-SEVA 

leverages advances in additive manufacturing techniques to synthesize complex co-

located vascular networks that provide additional operational degrees of freedom with 

respect to the antenna performance metrics demonstrated by the original SEVA in [57]. 

The fabric lay-up for the ML-SEVA in this work features two unique vascular networks 

separated by a single ply low-dielectric epoxy/quartz prepreg fabric RM-2014/4581 

Astroquartz® III with a 0.25 mm layer thickness. Each pair of the meandered lines that 

form the microchannels through which liquid metal is flowed are first extrusion-printed 

using the sacrificial PLA formulation in a single layer thickness of 0.6 mm onto Polyimide 

sheets. These two pairs of meandered lines create two distinct dipole-like configurations 

that are then thermally transferred to a fabric layer below the previous one and arranged 

according to the lay-up shown in Figure 3.  
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Figure 3 Detailed representation of Multi-layer SEVA (ML-SEVA) (a) CAD model 

used for simulating the structure (b) Fabrication lay-up. 

 

(a) 

(b) 
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The processing steps for this structure follow [57] by first curing the composite with 

embedded microchannels in an autoclave. Vertical cylindrical channels are then machined 

down from the top of the composite to the lowest of the two sacrificial layers (SEVA-

RLα30) to provide release holes for the ablation of sacrificial materials. This is followed 

by a post-cure in a vacuum oven to vaporize the sacrificial material and create 

microvascular voids in the composite. These are inspected visually and then tested with 

compressed air to ensure all channels are cleared of any blockage. After this the vertical 

channel at each feed location (x, y) = (0, ±s0), with s0 = 3.94 in. (10 mm), connects the two 

arms of the SEVA-RLα2 and SEVA-RLα30; the remaining four only contact a single arm 

where they intersect y = ±d0 = 2.6 in.  

 

The resulting composite with embedded microvasculature is electromagnetically 

functionalized by first adhering hollow copper cylindrical vias 2mm in diameter at the two 

feed locations. These are extended just below the surface for mechanical stability and 

provide access for the pressure-driven displacement of fluids into each of the four 

channels. These metallic vias extend upwards through drilled holes in a 31 mil (0.7874 

mm) FR4 substrate (εr = 4.4 and tan δ = 0.02) where they are electrically connected 

(soldered) to the arms of an antipodal dipole having a length l = 2y0. This antipodal dipole 

is fed by a parallel strip feed line with a 50 Ω characteristic impedance that is terminated 

in a Sub-Miniature Version A (SMA) connector for measurements. In this configuration, 

the transition from parallel strip line to antipodal dipole operates as a Dyson-style balun 

for the SEVA over the frequency ranges considered in this work. The ML-SEVA operates 
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as a combination of two thin wire dipoles growing outward from the antipodal dipole; the 

selective filling of channels is achieved by leaving the vertical channel at its opposing end 

unobstructed or sealing the individual vertical channels with a thermal adhesive where it 

intersects y = ±d0. 

 

Multi-element SEVA Conformal Linear Array (SEVA-CLA) 

Figure 4 shows the notional composite lay-up and CAD model of the mandrel used to form 

the composite into a complex-curved surface for the SEVA conformal linear array (SEVA-

CLA). The complex-curved shape of the mandrel is not necessarily representative of a 

leading-edge design for a specific UAV and/or other aircraft, but it demonstrates the 

extensibility of the SEVA processing steps. This advancement in the additive 

manufacturing is leveraged in this work to fabricate a large contiguous channel embedded 

within a complex-curved composite with multiple access points. The structurally 

embedded microvascular structure can operate in a number of different radiating manifold 

configurations; the focus here is on its operation as a three-element linear array as well as 

a single contiguous antenna that extends the bandwidth of the manifold. The SEVA-CLA 

generally follows the processing steps for the original SEVA [57] but expands on them in 

terms of the dimension and geometry of the complexity of the vascular network. As with 

other SEVA designs, debulking of the prepreg to remove volatiles from the resin and avoid 

the formation of porosity is an important step before curing in an autoclave. Once cured 

and released from the mandrel it is drilled at the prescribed locations (at the ends of the 

curvilinear channels) to access the sacrificial layer. The structure is then placed in a 
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vacuum oven to post-cure and vaporize the sacrificial material and create the embedded 

microvascular network. The meandering vasculature of the three-element SEVA-CLA 

uses the parameterization of the SEVA-RLα2 for each of the three driven antenna 

elements. The curvature of the mandrel used to shape the composite is approximated for 

the high frequency modeling of antennas by sweeping the polynomial approximations of 

the “leading edge” curvature in the xz-plane along the contour “saddle 

path” in the yz-plane. Three of the feed structures are first positioned 

then the array elements are first mapped conformally onto the complex-curved surface of 

the mandrel using; The central element has symmetric arm lengths d0 = d2 = 3.59 in. (91.44 

mm) while the arm lengths for the edge elements are asymmetric with the length of one 

arm fixed to d0 = d1 = 2.92 in. (74.12 mm) and the other one fixed to d0 = d2 = 3.59 in. 

(91.44 mm). The zero crossing points (denoted by variable t) on y-axis extend from 0 to 

2.4 in. for sinusoidal exponentially increasing dipole [64].  

 

 

                                                                    (a) 

( ) 3 212.0 10zf x x−

( ) 6 2275.5 10zf y y− 
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The topology and operation/role of the feed network for this structure is similar to the 

structure presented in Figure 3. It’s 50 Ω impedance parallel strip feed lines have a length 

l0 = 5.78 in. (147mm) and is fabricated on 31 mil (0.7874 mm) thick RT/Duroid 5880 (εr 

= 2.2 and tan δ = 0.0004); this is used in place of the FR4 substrate to provide a feed 

network that can conform to the curvature of the composite. Figure 5 (top view) shows 

three feed elements connected to the sinusoidally meandered dipoles. Figure 5 (side view) 

shows the detailed connection between feed and embedded microvascular channels.  

(b) 

 

 

Figure 4 Detailed representation of Multi-element SEVA conformal linear array 

(SEVA-CLA) (a) Fabrication lay-up (b) CAD model of complex curved mandrel 

used for shaping the composite. 
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Measurement and Analysis 

Discussion on the transport of liquid metal in the embedded vascular channels of ML-

SEVA and SEVA-CLA is presented in this section. Comparison between simulated and 

Figure 5 CAD Model of multi-element SEVA-CLA. Top view: Connection of feed 

elements with sinusoidally meandered dipoles. Side view: Connection of feed 

elements with sinusoidally meandered dipoles 
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measured results of these structures draw attention to the frequency reconfigurability of 

ML-SEVA and beam scanning ability of SEVA-CLA. Operation of SEVA-CLA as a 

contiguous antenna element operating in VHF is also presented in this section. 

Demonstration of fundamental array principles are presented by studying contour plots of 

isotropic antenna array and SEVA-CLA. 

 

Multi-Layer SEVA (ML-SEVA) 

Figure 6 shows the final fabricated model of ML-SEVA. The embedded microvascular 

channels are visible in the semi-translucent ML-SEVA. This offers a means to visibility 

track and measure the position of liquid metal being transported through the 

microchannels as well as its proximity to the zero-crossing points of the exponentially 

increasing sinusoidal structure (SEVA-RLα2) at t1 = 0, 0.4, 0.8, 1.2, 1.6, 2 and 2.4 in. 

Corresponding values are chosen for t2 (SEVA-RLα30) in this experiment. Selected 

combinations of t1 and t2 are presented in this article to demonstrate the principle of 

frequency reconfiguration in ML-SEVA. Radiation patterns observed have remain 
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consistent with simulation across different configurations and the selected combinations 

are shown for illustration. 

 

Figure 6 Fabricated ML-SEVA and feed network aligned and attached with nylon 

threads. 

 

Cylindrical metallic tubes with a diameter of 2 mm are soldered to the feed and visually 

aligned with the opening on the embedded channels in the substrate to ensure continuous 

and leakage-proof flow of liquid metal from inlets towards the outlets. This also 

establishes electrical connection between liquid metal in the embedded channels and the 

feed. Additionally, for mechanical stability, the feed is affixed to the substrate by nylon 

screws ensuring a tight fitted connection between the feed and the substrate. Filling the 

embedded channels with non-conductive, low-loss, low dielectric, and heat transfer fluid 

Fluorinert FC-70 [65] electronic liquid before flowing liquid metal ensures smooth flow 

of liquid metal in the channels. When liquid metal is transported from the inlet of SEVA-

RLα2 towards its outlet the outlet of SEVA-RLα30 is sealed with hot melt adhesive 
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(HMA) to avoid leakage of liquid metal into the undesired channel. Similarly, the outlet 

of SEVA-RLα2 is sealed with HMA when liquid metal is transported through SEVA-

RLα30. 

 

Figure 7 shows the measured and simulated input reflection coefficient (in dB) for the 

chosen combinations of t1 and t2. The plots clearly demonstrate down shift of fundamental 

mode resonant frequency with increasing liquid metal flow in the embedded channels. 

These plots illustrate that the radiation pattern of the antenna remains quasi-

omnidirectional for the different configurations. The close agreement observed between 

the measured and simulated results indicates that the operation of frequency 

reconfigurable ML-SEVA is also stable across the range of frequencies considered in this 

work. Figure 8 shows the measured and simulated Eθ and Eφ in xy- and xz- planes at the 

lowest value of magnitude (in dB) for the fundamental mode. When the antenna resonates 

at a frequency closer to the antipodal dipole (around 4 GHz) used to feed the microvascular 

component the antenna, the radiated pattern deviates from expectations due to increase 

interactions with the parallel strip feed network and other artifacts of experimental set-up. 

Thus, higher volume of metal in the embedded channels offers stable radiation pattern 

compared to lower metal volumes in the channels as with higher metal volumes in channel 

the antenna resonates at frequencies much lower than 4 GHz. Simulated maximum gains 

for configurations in figure 6 a, b, c, d is 2.3, -0.01, -3, 1.7 and -5 dBi respectively. 
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(f) 

Figure 7 Measured and simulated S-parameter values (|S11| [dB]) for different 

scenarios. (a) t1 = 0.8 in. and t2 = 0.8 in.    (b) t1 = 1.6 in. and t2 = 0.8 in. (c) t1 = 

1.6 in. and t2 = 1.6 in. (d) t1 = 2.4 in. and t2 = 1.6 in. (e) t1 = 1.6 in. and t2 = 2.4 

in. (e) t1 = 2.4 in. and t2 = 0.8 in. 

 

(a) 

(b) 
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Figure 8 Measured and Simulated radiation pattern in yz- (left) and xz- planes (right) 

for different scenarios (a) t1 = 0.8 in. and t2 = 0.8 in. at f =1.681 GHz (b) t1 = 1.6 in. 

and t2 = 1.6 in. at f = 0.74 GHz (c) t1 = 2.4 in. and t2 = 0.8 in. at f = 0.372 GHz. 

 

The effect of frequency shift (miniaturization) of the first mode at the lowest value of S11 

obtained across three different configurations (SEVA-RLα30, SEVA-RLα2 and multilayer) 

are plotted in Figure 9. The multilayer structure achieves frequency downshift of 30-105 

(c) 

(d) 
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MHz compared to SEVA-RLα2 and 120-480 MHz compared to SEVA-RLα30 for variation 

of t over a range of 0 to 2.4 in.  

 

 

 

 

 

 

 

 

Figure 9 Frequency down-shift across three configurations 

 

Multi-element SEVA Conformal Linear Array (SEVA-CLA) 

Figure 10 shows the fabricated model of multi-element Conformal Linear Array (SEVA-

CLA). Oxidation during the fabrication of the composite resulted in an opaquer panel 

𝑺𝑬𝑽𝑨 − 𝑹𝑳𝜶𝟑𝟎 𝑺𝑬𝑽𝑨 − 𝑹𝑳𝜶𝟐 Multilayer 𝑺𝑬𝑽𝑨⬚ 
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compared to the ML-SEVA. This limits the visibility of the embedded channels in the 

composite thus, the embedded channels of multi-element SEVA-CLA are filled using a 

different approach than ML-SEVA. Additional modifications included the use of a torus-

shaped gasket formed from an HMA that was used to affix the feed structure on the curved 

composite. This prevents leakage of liquid metal and ensures smooth flow of liquid metal 

in the embedded channels.  

 

During the measurement campaign for this antenna the embedded microchannels were 

first filled with FC-70 in preparation for the transport of liquid metal (to regulate back-

pressure, etc.). For each of the three antennas, the antipodal dipole feed structure was first 

measured while the other two feeds are terminated in matched loads. Pre-measured liquid 

metal was then injected into the channels through the hollow via in the feed section using 

an appropriately tipped syringe. The amount of FC-70 flowing out from the outlets along 

with input reflection coefficient reading from the network analyzer was used to provide a 

rough estimate of the position of liquid metal in the microchannel. This was necessary as 

the darker color of the panel prevented visual inspection of the exact position of the fluid. 

This process was repeated for each element, for each of the measured configurations. 
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Figure 10 Fabricated model of SEVA-CLA (a) Top view showing the complete array 

with the three elements (b) Single element of the array with outlets and inlets 

indicated 

 

 

(b) 
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Figure 11 shows the simulated and measured input reflection coefficient of the multi-

element SEVA-CLA with a filling of t = 1.55 in. in each arm of sinusoidal meandering, 

operating at 824 MHz. A subset of the mutual impedance measurements of multi-element 

SEVA-CLA are compared. This configuration is chosen such that the center of the 

matched impedance bandwidth of the antennas (when filled with liquid metal) would 

provide a half-wavelength element spacing in the array. Operationally, at frequencies 

higher than this (when the dipole arms contain less liquid metal) the spacing become much 

greater than a half-wavelength and the pattern behaves as expected with the generation of 

grating lobes and other features. The radiation pattern of SEVA-CLA with 0-degree 

relative phasing between the elements is shown in Figure 12. Beam scanning by the array 

in the yz- plane is shown in Figure 13. Maximum beam scanning range of the array is 

within ±45 degrees. The principal beam of the array can be scanned by varying the 

progressive phase shift between the elements of the array. The phase difference between 

the antenna elements is varied by connecting microstrip transmission lines with pre-

determined phases at 824 MHz.  



 

33 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 Measured and simulated impedance results of multi-element SEVA-CLA 

at 824 MHz for channel filling variable, t = 1.55 in (b) Self-impedance of the array 

elements (c) Mutual-impedance of array elements 

 

(b) 

(a) 
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Figure 12 Radiation pattern of multi-element SEVA-CLA for an antenna array with 

0-degree relative phasing at 824 MHz 

Figure 13 Beam scanning of multi-element SEVA-CLA for different scan angles at 

with channel filling factor t = 1.55 in. operating at 824 MHz (a) Radiated beam at ± 

150 (b) Radiated beam at ± 300 (c) Radiated beam at ± 450 
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The contour plot in Figure 14 shows the array pattern for three isotropic elements spaced 

183 mm apart and the three element SEVA-CLA with uniform excitation over a nominal 

operational bandwidth from 0.45 GHz to 4.05 GHz. The overall array pattern for multi-

element SEVA-CLA is obtained by multiplying the single elemental pattern of multi-

element SEVA-CLA with the array pattern of similarly spaced isotropic source. Careful 

examination of the two normalized gain plots testifies that the gain pattern of SEVA-CLA 

is obtained by multiplying the gain pattern for three-element isotropic array with the unit 

element pattern shown in Figure 12. Additional nulls at ±90 degrees in the SEVA-CLA 

contour plot are introduced by the individual elemental pattern of multi-element SEVA-

CLA. The position and distribution of maxima at 0 degrees and grating lobes are similar 

between the two plots. Increase in the number of grating lobes in the visible region at 

higher frequencies is due to the widening gap between individual elements in terms of 

wavelength. Figure 15 shows the gain distribution of SEVA-CLA over similar frequency 

range (0.45-4.05 GHz). The variation in the gain pattern is attributed to the coupling 

between the elements with different filling factor, t over the frequency range. The gain of 

SEVA-CLA observes a dip around 2 GHz as the grating lobes start to emerge in the visible 

range. The efficiency of the SEVA-CLA could not be measured experimentally in the 

facility due to lack of available tools or in simulation but a decrease in efficiency is 

expected to be seen with increasing grating lobes [66].  
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Figure 14 Simulated variation of radiation pattern with frequency (a) 3-element 

isotropic elements spaced 183 mm apart and (b) multi-element SEVA-CLA spaced 

183 mm apart 
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(b) 
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Figure 16 Measured and simulated results of multi-element SEVA-CLA operated as 

a single antenna element. 

 

 

 
 
Figure 15 Simulated variation of gain with frequency multi-element SEVA-CLA 
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Figure 16 shows the measured input reflection coefficient for another unique configuration 

of the SEVA-CLA. This corresponds to the complete filling of embedded microchannels 

with liquid metal. The central element is driven in the configuration shown with the other 

two ports terminated in open circuits – this is one of many unique configurations that can 

potentially be achieved using different reactive loads and feed locations. In the form 

shown, the contiguous antenna structure operates as single antenna element with a 

matched impedance bandwidth centered at 95 MHz. The shift between measured and 

simulated input reflection coefficient is attributed to differences arising from fabrication 

and processing as well as other variations between modeled and fabricated designs. 

 

Discussion 

Current advances in the design and implementation of antennas engineered to reconfigure 

using the controlled transport of liquid metal through microchannel has been used to 

enable frequency reconfiguration, polarization reconfiguration and beam-steering [67]–

[69]. These designs show the wide range of applications of antenna sensors using transport 

of liquid metal through microchannels suitable for varied applications over wide 

frequency range. These and other structures are typically single-layer design with 

microfluidic channels traversing a planar geometry. They open questions on the 

integration of these techniques for most complex host. This study demonstrates the ability 

to engineer multilayer and conformally curved reconfigurable antennas enabled by the 

transport of liquid metal in structurally embedded vascular networks. This study provides 

insights into the fabrication of vascular networks in two consecutive layers of fabric in the 
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composite lay-up. It also demonstrates the ability to embed distinct patterns in a complexly 

curved composite. The design, fabrication and electromagnetic functionalization of these 

structures leads to better understanding of the scope they provide and challenges they 

present. These fabrication techniques have been leveraged to create multilayer SEVA in 

which two co-located reconfigurable antennas have been utilized synergistically for 

impedance and radiation tuning. In SEVA-CLA this technique has been utilized to 

demonstrate beam scanning of three element array on a complex curved composite which 

can be reconfigured for a decade of frequency. The agreement between measured and 

simulated data testifies the concept and ideas presented in this paper. These design 

techniques can be successfully utilized in designing and fabricating embedded antennas 

to operate as sensors in UAVs or airplanes. This research also opens avenues in designing 

shape-conformal electromagnetic sensors using the concepts of microfluidics and 

structurally embedded vascular electromagnetic devices. 

 

Key Contributions 

• Demonstrated the ability to fabricate structurally embedded vascular antenna with two 

different meanderings on separate layers which are operated as a frequency 

reconfigurable antenna by controlled transport of liquid metal through these embedded 

microvascular channels. 

• Utilized the concept of controlled transport of liquid metal through embedded 

microchannels to establish beam scanning in a frequency reconfigurable three-element 

antenna array fabricated on a curved mandrel.   
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CHAPTER III  

 ELECTROLESS METALLIZATION OF ADDIITVELY MANUFACTURED 

STRUCTURE 

 

Fabrication and electroless metallization of additively manufactured electromagnetic 

components like waveguide, trough waveguide and hybrid coupler operating in 57-64 

GHz, ISM band is presented in this chapter. Consumer-grade stereolithographic 3D printer 

is used to print these structures using pigmented acrylate-based resin. Electroless 

deposition of silver on these microwave components is achieved using an in-house system 

assembled with off the shelf components. This system is driven by a peristaltic pump, 

circling plating solution between silver bath and waveguide. This chapter is broadly 

divided into three sections. In the first section electroless metallization of WR-15, 2-inch 

waveguide and trough waveguide using closed-loop circulatory system driven by 

peristaltic pump is described.  Metal plated WR-15, 2-inch waveguide section offers an 

average insertion coefficient of -0.35 dB. Similarly, plated trough waveguide section 

connected to rectangular waveguide through rectangular to trough waveguide transition 

shows average insertion coefficient of -1 dB. This metallization technique offers 

comparable results as other techniques in literature at much lesser cost and generates lower 

waste. In the second section, additive manufacturing and metallization of multi-port short 

slot rectangular waveguide hybrid couplers operating over the 57-64 GHz ISM band are 

presented in this chapter. The electroless deposition technique implemented for 

metallization of 2-port waveguides are extended for metallization of these multiport 
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structures. In the third section, Circular waveguide hybrid coupler operating over a 

frequency range of ISM band 57-64 GHz, additively printed and metal plated using the 

electroless technique introduced in section 2 is investigated. Effects of orientation of print 

and thickness of intricate structures on the performance of circular waveguide hybrid 

coupler are presented. Effective ways to reduce the anomalous reflections seen in the 

measurement results of the structure are also investigated and possible solutions for 

mitigating them are investigated.   

 

Background 

Advances in additive manufacturing (AM) techniques for microwave and millimeter-wave 

components have enabled fabrication of lower precision structures in lesser time and at 

lesser cost. Three-dimensional (3D) printing technologies like stereolithography (SLA) 

and polyjet uses non-metallic polymer resin while, selective laser melting (SLM) uses 

metallic composites for printing various structures. Microwave components printed using 

these technologies are discussed in [70]. Waveguide components printed using non-

metallic polymer resins require metal deposition for successful operation as 

electromagnetic structures. Stereolithographic (SLA) three-dimensional (3D) printing 

techniques are increasingly used in the manufacture of passive microwave components for 

their high printing resolution and relatively low cost. Acrylate based photosensitive resins 

are used for printing these components. Major challenge lies in converting non-conductive 

acrylate-based structures to conductive microwave components. Different metal plating 

techniques for achieving suitable skin depth at target frequency are discussed and explored 



 

42 

 

in literature. Electroless deposition of copper or nickel followed by electro-deposition is 

popularly used for metal plating waveguides and antenna structures [70]–[72]. Split block 

techniques are incorporated for successfully electroplating waveguides and antennas. 

These structures have slightly degraded transmission performance compared to structures 

without cracks. Electroless deposition of copper on plastic is discussed in [73], [74]. The 

main copper deposition step is preceded by various other important steps like etching, 

activation, acceleration etc... Simple one step process of depositing silver in electroless 

manner is presented in [75]. The acrylate-based waveguides are dipped in silver bath for 

successful silver deposition. In this chapter electroless metallization of 2-port and multi-

port electromagnetic structures operating over a frequency range of 57-64 GHz is 

investigated. Rectangular and circular waveguide hybrid coupler structures are designed, 

fabricated, metallized, measured and analyzed.  

 

In the first section of this chapter, design, printing and metallization of V-band waveguide 

and trough waveguide operating in 57-64 GHz industrial, scientific and medical (ISM) 

radio band are presented. Silver plating bath is circulated inside the waveguides to obtain 

uniform plating on the edges and flat faces. A system composed of 12 V, 5000 RPM 

peristaltic pump, syringe and waveguide connected through silicone-based tubing is 

designed. Calculated ratios of Tollens reagent to dextrose are mixed in the syringe and the 

plating solution is circulated through the waveguide, until the solution becomes clear. The 

pump coating system offers comparable results as dip coating technique investigated in 

[75], using lesser volume of plating solution. Details of waveguide design, printing and 
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metallization are discussed in this chapter. Metallization is an important process in the 

fabrication of electromagnetic components which enables minimization of radiation losses 

from electromagnetic waves propagating through a metallic guided media. Appropriate 

thickness of deposited metal is governed by skin depth which is a function of frequency 

of operation and conductivity of metal, given by equation (3).  Skin depth is inversely 

proportional to the square root of frequency, f, permeability, µ and conductivity, σ. Skin 

depth is a measure of how far electrical conduction takes place in a metal. At DC 

frequencies the whole depth of metal is consumed for current conduction but as the 

frequencies increase the current flows near the surface of metal instead of penetrating 

deeper.  

𝛿 =
1

√𝜋𝑓𝜇𝜎
           ---------(3) 

 

The WR-15 waveguide is operated with its fundamental mode of propagation, TE10. The 

current distribution of TE10 rectangular waveguide is shown in Figure 17.  Simulation 

results shows improvement in insertion coefficient of a 2-inch rectangular waveguide 

section with added metal thickness for fixed surface roughness as shown in Figure 18. 

Variation of surface roughness in accordance with the reported values in literature [76], 

[77] indicates minimal change in insertion coefficient.  
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Figure 17 Field distribution in WR-15 waveguide 

 

 

Figure 18 Simulation results indicating the improvement in insertion coefficient with 

increased deposited metal 
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In the second section of this chapter 3D printing and electroless silver deposition of WR-

15 hybrid coupler operating over 57-64 GHz is investigated. Hybrid couplers are 

directional couplers which divides input power equally between output ports that is THRU 

and COUPLED Ports. No power is incident on the ISOLATED port. Additionally, the 

phase at the output ports THRU and COUPLED are 90 degrees apart from each other.  

 

 

Figure 19 Line diagram of hybrid coupler 

 

The hybrids terminated with E-bend and H-bend are analyzed. Electroless silver plating 

using pump-driven circulatory technique introduced in the first section is modified for 

multiport structures. Fluid flow in the multiport structures are investigated for successful 

metallization of these hybrids which had been leveraged and employed for metallization 

of other multiport structures.  

 

The third section of this chapter aims to draw attention on the 3D printing inaccuracies 

and their effects on the performance of the structure. Simulation results of hybrid coupler 

are compared with measured structure with print inaccuracies. The intricate geometrical 

features consisting of group of ridges at the center of the structure and the vertical posts 
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are prone to inaccurate prints. The authors aim to focus on the deviation between measured 

and simulated results due to print inaccuracies. Adopted techniques to alleviate the issues 

seen due to fabrication errors are also explored here.  

 

Electroless Metallization of WR-15 Waveguide and Trough Waveguide 

CAD model of the 2-inch WR-15 waveguide and trough waveguide is shown in Figure 20 

and the metallized waveguide structures are shown in Figure 21. The trough waveguide is 

connected to the rectangular waveguide through an RWG-TWG transition. Total length 

of the combined structure is 85 mm. Both waveguides are terminated with UG-385/U 

flange for electrical connection with commercial connectors. 

 

 

 

 

 

 

 

 

Figure 20 CAD model of the electroless silver plated waveguides (a) 2-inch WR-15 

trough waveguide section. (b) Trough waveguide connected to rectangular 

waveguide through RWG-TWG transition. 

 

(a) 

(b) 
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Figure 21 The metal plated 2-inch WR-15 waveguide section and trough waveguide 

 

Fabrication 

WR-15 2-inch waveguide section and trough waveguide are 3D printed by SLA based 

printer with resolution of 25 microns. The waveguides are oriented approximately 45 

degrees to the surface of the build plate to ensure accurate print with relatively lesser 

number of supports. The printed waveguides are washed for 10 minutes in 90 % alcohol 

bath to remove loosely attached resin. These structures are dried in strong flow of air 

immediately after the wash. They are cured at 60oC for 60 minutes, after being left to dry 

further at room temperature for 45 minutes. 

 

Slightly different approaches are taken for silver plating the two structures. Electroless 

plating of WR-15, 2-inch waveguide section is discussed first. Silver plating solution is 

prepared following the steps mentioned in [75]. The assembled system and flow diagram 

of the pump coating system is shown in Figure 22. The flow chart showing the preparation 

of Tollens reagent is shown in Figure 23.  0.5 grams silver nitrate is mixed with 25 ml of 
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water to which ammonium hydroxide is added till the color of the solutions turns from 

brown to clear. 0.35 grams sodium hydroxide dissolved in 25 ml of water is added to the 

original solution containing silver nitrate, which turns the color of the solution brown. This 

is followed by adding ammonium hydroxide to the solution which again turns the color of 

the solution clear. The resultant solution is Tollens reagent. The pump coating system is 

cleaned with isopropyl alcohol followed by distilled (DI) water. 5 ml of Tollens to 1 ml of 

dextrose solution are mixed in the syringe. The plating solution obtained on mixing 

Tollens and dextrose solution is deep brown in color. The plating solution is circulated in 

both clockwise and anticlockwise directions, with approximately 5 seconds in each 

direction. The solution starts getting clearer as time passes and silver keeps depositing. It 

takes approximately 3 minutes for the solution to turn clear from deep brown color. The 

solution that remains as a by-product of the process is discarded and the pump coating 

system is thoroughly cleaned with DI water only. The whole process mentioned above is 

counted as one run. After five such runs the waveguide offered an average insertion 

coefficient of -0.35 dB and further improvement in insertion coefficient with more runs is 

not observed. After 2-3 such runs the waveguide is cleaned using a sonic based system to 

remove any precipitate deposited inside the structure during plating. Removing the 

precipitates offers better plating and significantly better results. Over-exposure of 

waveguide in sonic based cleaning system is avoided to prevent removal of plated silver. 

Removal of plated silver decreases the thickness of coating on the walls and increases 

surface roughness, thus degrading the performance of waveguide.  
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Figure 22 Pump coating system used for electroless silver plating of waveguides (a) 

The actual assembled system with pump, syringe and waveguide (b) Flow diagram 

of pump coating system 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23 Flow chart showing in preparation of Tollens reagent in laboratory 

 

(a) (b) 

More drops of ሺ𝑁𝐻4𝑂𝐻ሻ 
added until solution turns 
clear. This is known as the 

“color test” 

0.5g silver 
nitrate (𝐴𝑔𝑁𝑂3) 
dissolved in 25ml 

of water 

28% Ammonium 
hydroxide 

ሺ𝑁𝐻4𝑂𝐻ሻ added, 
forming a brown 

0.35g Sodium Hydroxide 
ሺ𝑁𝑎𝑂𝐻ሻ in 25ml water is 

added to solution 
forming a brown 

Color test performed, 
adding 𝑁𝐻4𝑂𝐻 in 

drops until the solution 
turns clear 
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The exposed trough waveguide section renders it difficult to form a continuous flow 

system. The trough section is wrapped with plastic paraffin film followed by electric tape, 

forming a good sealant. The volume of solution is incremented based on available syringe 

capacity, surface area of target waveguide and visual inspection of plating obtained after 

first run. 20 ml Tollens to 4 ml dextrose is used for the plating solution. The open trough 

waveguide section was vulnerable to losing plated metal in sonic cleaning. Thus, the 

plating solution flowing into the waveguide section attached in filtered. The filter is 

attached to the syringe and the pump coating system is operated in anticlockwise direction 

only. This significantly reduced the precipitate deposited inside the whole waveguide 

section. The plated section is immersed in sonic cleaner for nearly 2-3 seconds with the 

trough section covered. Total number of runs required for this structure is six.  Any run 

beyond six did not offer better insertion coefficient value. The structure is cleaned after 

every 2 runs. 

 

Measurements 

The insertion coefficient measurements for both structures are obtained after performing 

response calibration. Set up for response calibration and result of response calibration is 

shown in Figure 24.  Reflection coefficient is measured after full calibration of network 

analyzer. Without the added filter or ultrasonic cleaning significant change in the insertion 

coefficient could not be seen as indicated in Figure 25 for 5 and 7 runs. This study 

concluded the accumulation of precipitate during the metallization process not reported 

earlier in literature for similar electroless metallization technique. The deposited 



 

51 

 

precipitates increased the surface roughness value significantly. Measured results are 

compared with simulated results for WR-15 and trough waveguide in this section.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24 Response calibration set-up and result of response calibration 

 

 

Figure 25 Measured insertion coefficient after 5 and 7 runs. 
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Insertion coefficients for both structures are presented in Figure 26 and reflection 

coefficients for both structures are presented in Figure 27. Average insertion coefficient 

of WR-15 waveguide section is -0.35dB and that of trough waveguide system is -1dB. The 

reflection coefficient of WR-15 waveguide section and trough waveguide system is below 

-14dB and -12dB respectively for the whole frequency range. 
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Figure 26 Measured and simulated results of insertion co-efficient (a) WR-15 2-inch 

waveguide section (b) Trough waveguide section with transitions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27 Measured and simulated results of reflection co-efficient. (a) WR-15 2-inch 

waveguide section (b) Trough waveguide section with transitions 

 

(a) 

(b) 
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An improvement in the overall metal deposition process is observed when the pump coat 

system has a commercial syringe filter attached at the end of the syringe and silver bath is 

rotated only in anti-clockwise direction. The deposition of silver is near flawless and the 

step involving sonic bath cleaning is not required. Mixture of 10 ml Tollens to 2 ml 

dextrose solution is used for each run. Syringe filter is replaced for each new run. The 

desired result of insertion coefficient is obtained after 5 such runs.  The metallization 

procedure is carried out on a 4 mm section of trough waveguide shown in Figure 28. The 

final assembled system with syringe inserted in the path of silver bath flow is shown in  

Figure 29. The measured reflection and insertion coefficient are shown in Figure 30.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28 3D printed and electroless silver plated trough waveguide 
1  

 

1 Copyright © 2019, IEEE, Reprinted, with permission, from A. Bal, A. Tiwari and G. H. Huff, “Electroless Silver Plating of Additive 

Manufactured Trough Waveguide Mode Transducer and Antenna Structure” accepted for publication in International Symposium on 

Antennas and Propagation and USNC-URSI Radio Science Meeting. 
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Figure 29 Flow diagram of circulatory system with syringe filter in the path of flow 

 

 

 

 

 

 

 

 

 

 (a) 



 

56 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30 (a) Reflection coefficient of the printed and silver-plated trough waveguide 

structure (b) Insertion coefficient of the printed and plated trough waveguide 

structure 

 

Electroless Metallization of Multiport Short Slot Hybrids 

In this section the 3D printing and electroless silver deposition of WR-15 hybrid coupler 

operating over industrial, scientific and medical (ISM) radio band of 57-64 GHz is 

investigated. The hybrids terminated with E-bend and H-bend are analyzed. Electroless 

silver plating using pump-driven circulatory technique introduced in previous section is 

modified for multiport structures. Fluid flow in the multiport structures is investigated for 

successful metallization of the hybrids. The hybrid couplers discussed in this section is 

presented in Figure 31. Figure 32 shows the CAD model of the WR-15 short slot hybrid 

terminated with an out-of-plane E-bend and an in-plane H-bend. The hybrid section 

consists of one rectangular waveguide alongside another, and a section removed from their 

(b) 
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common wall. This slot couples half of the incident power into each guide with a phase 

difference of 90° at the output. 

 

 

 

 

 

 

 

 

Figure 31 3D printed and metallized short slot hybrid couplers 

 

 

Figure 32 CAD model of short slot hybrid coupler terminated in E-bend waveguide 

(left) and H-bend (right) 

 

Fabrication 

The hybrids are printed using a stereolithographic commercial printer with acrylate-based 

resin at an angle of 45 degrees to the build plate. The printed structures are washed in 90% 

isopropyl alcohol for a total of 15 minutes. The wash cycle is subdivided into three stages 

of five minutes each. In the first and third stage the structure is washed in the isopropyl 
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alcohol tank provided by the commercial supplier. Though the waves created in the tank 

successfully washes loosely attached resin on the exposed surface of the structure, it is 

inefficient in cleaning the interior of the structure which is slightly complicated in design. 

Thus, in the second step the structure is cleaned using the pump driven circulatory system 

mentioned in previous section with ethyl alcohol used for metallization.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33 Modified pump-driven circulatory metallization system (a) Single pump 

and dual divider configuration (b) Dual pump configuration. 

 

Figure 33 shows the two pressure-driven techniques examined for selective electroless 

metallization of the hybrids. Configuration 1 uses a single pump with two dividers 

connected at opposite ends of the hybrid. Configuration 2 uses two pumps to flow the 

plating solution into the hybrid. Each configuration utilizes a custom hose barb-to-

waveguide flange connector that was engineered to allow the interconnection of the 

pressure-driven system with the electromagnetic components. The addition of the 0.22 
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mm membrane filter enhances quality of deposition by removing particulate and 

precipitate that does not adhere to the structure. 20 ml Tollens reagent to 4 ml dextrose 

solution is used in each run to metallize the structure. 

 

 

Figure 34 Measured magnitude of coupled PORTS after 4 runs with single pump 

dual divider (left) and dual pump configuration (right) 

 

Plating solution flows into the structure through PORTS 1 and 3 while exits through 

PORTS 2 and 4. In every alternate run the inlet and outlet PORTS are swapped to ensure 

a uniform plating scenario. Hybrids metallized using the two configurations of pump set 

up are measured after 4 runs. Coupled PORT measurement results are shown in  

Figure 34. Asymmetric flow rate and inconsistent levelling of hybrid were the primary 

reasons for significantly different coupled PORT magnitude results with dual pump 

configuration. These experiments examining the balance in magnitude between coupled 

(90°) PORTS indicate the use of a single pump and divider system provide more uniform 

results over the dual pump system. The hybrid couplers terminated with E-bend and planar 

H-bend require 7 and 5 runs respectively to achieve the desired result of providing a 

uniform metallization of the structure. 
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Measurement  

The hybrids are measured after TRL calibration of the network analyzer. The TRL 

calibration consists of commercial short, fabricated THRU and LINE segments. Measured 

magnitude results for hybrids with E-bend and H-bend launch are shown in fig. 5. 

Measured phase difference of output ports for the two structures is shown in fig. 6.   

 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure 35 Measured s-parameters of hybrid coupler (a) Hybrid coupler with E-bend 

launch and PORT 1 as input (b) Hybrid coupler with E-bend launch and PORT 2 as 

input (c) Hybrid coupler with H-bend launch and PORT 1 as input (d) Hybrid 

coupler with H-bend launch and PORT 2 as input. 

 



 

62 

 

 

(a) 

 

(b) 

Figure 36 Measured phase difference at output PORTS. (a) Hybrid coupler with E-

bend launch (b) Hybrid coupler with H-bend launch. 
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Modelling and Impact of 3D Print Inaccuracies on the Performance of Circular 

Waveguide Hybrid Coupler 

This section aims to draw attention on the 3D printing inaccuracies and their effects on 

the performance of the structure. Figure 37 shows the CAD model and the fabricated 

model of the circular waveguide hybrid coupler. Figure 38 focusses on the intricate 

structures of the coupler. The group of ridges at the center of the structure and the vertical 

posts are prone to inaccurate prints. The aim is to focus on the deviation between measured 

and simulated results due to print inaccuracies. HFSS is used for carrying out simulations 

of the hybrid assuming perfectly conducting electric walls.     

 

                      

(a)                                                                             (b) 

Figure 37 Fabricated model (top) and CAD model (bottom) of coupler. 
2 

 

2 Copyright © 2020, IEEE, Reprinted, with permission, from A. Bal, and G. H. Huff, “Modelling and Impact of 3D print 

Inaccuracies on performance of Circular Waveguide Hybrid Coupler” accepted for publication in International Applied 

Computational Electromagnetics Symposium 
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Figure 38 Delicate structures inside the circular waveguide hybrid. 

 

Structural Analysis  

The circular waveguide hybrid coupler consists of two different arrangements of inductive 

curvilinear post indicated as cluster of posts a and posts b. It also has the capacitive torus 

rings on each of its ports marked as ring c. The posts and rings are indicated in Figure 39.  

Each of these posts have specific role in the operation of this hybrid. The curvilinear post 

a alone offers equal division of power with phase difference of 90 degrees at the output 

ports offering equal power split, similar to the slot section in rectangular short slot hybrid. 

The equal power split at the output with curvilinear post a alone is shown in Figure 40. 

The post b and ring c offer matching across wider frequency bandwidth as shown in Figure 

41. Increasing the number of rings beyond 2 do not offer improvement in performance.  

3 

 

3 Copyright © 2020, IEEE, Reprinted, with permission, from A. Bal, and G. H. Huff, “Modelling and Impact of 3D print 

Inaccuracies on performance of Circular Waveguide Hybrid Coupler” accepted for publication in International Applied 

Computational Electromagnetics Symposium 
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Figure 39 CAD model of circular waveguide hybrid coupler with inductive posts and 

capacitive ring. 
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Figure 40 CAD model of circular waveguide hybrid coupler with inductive 

curvilinear post a only (top). Simulation results of the structure (bottom) 
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Figure 41 CAD model of circular waveguide hybrid coupler with inductive 

curvilinear post a, post b and ring c (top) and Simulation results of the structure 

(bottom). 

 

3D Printing  

The hybrid coupler is printed in different orientations along x- and y-axis on the build 

plate for accurate prints of the group of ridges. On printing the hybrid horizontally on the 

build plate, two among the four ridges supported by the internal post in the structure are 

printed accurately while, the other two unsupported ridges get deformed. In the next 

iteration the structure is printed at incremental angles from 10 to 30 degrees with respect 

to x- and y-axis.  Figure 42 compares the printed ridges at the center of the structure for 

angle of print 10 and 30 degrees, respectively. Clearly the ridges are printed accurately at 

higher elevation. A comparison of the printed posts of diameter 0.2 mm and 0.42 mm for 

similar curvature are shown in Figure 43. Clearly, the 0.42 mm diameter post is printed 

closely to the designed dimensions than the 0.2 mm diameter post.   



 

68 

 

 

Figure 42 Printed structure at 10-degree (left) and 30-degree (right) elevation along 

x- and y-axis. 

 

 

Figure 43 Printed post of diameter 0.2 mm (left) and 0.42 mm (right) 

 

Measured results 

This sub-section discusses the effects of printing inaccuracies on the performance of the 

structure. The measured structure has inductive post of diameter 0.2 mm, printed at an 

elevation of 10 degrees to x- and y-axis and efforts in mitigating these effects are also 

highlighted. The TRL calibration kit used for calibrating the network analyzer to shift the 

plane of reference till the end of the hybrid coupler, neglecting the effects of mode 

converters are shown in Figure 44. The parts marked as 1 and 2 are the mode converters 

which are used for THRU calibration. The part marked 4 is SHORT which is used as 
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REFLECT standard and the parts 1, 2 and 3 together form the LINE standard. The hybrid 

coupler is metal plated using electroless silver deposition technique discussed in the 

previous section for multiport structures. Figure 45 and Figure 46 shows the measured and 

simulated results. Figure 47 shows the error encountered in path length between 

diagonally opposite input and output due to fabrication inaccuracies. The structure when 

printed at lower elevation leads to inaccurate modelling of the intricate parts in the hybrid 

coupler which leads to errors in measurement both magnitude and phase. The source of 

these reflections seen in the measurement are due to the mode converters connecting the 

rectangular to circular waveguide which converts TE10 to TE11 mode. The detailed 

examination of these errors is discussed in the next chapter.  

 

 

Figure 44 TRL calibration kit used for measuring the hybrid coupler 
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Figure 45 Measured and simulated phase difference between output ports. 

 

 

4 

 

4 Copyright © 2020, IEEE, Reprinted, with permission, from A. Bal, and G. H. Huff, “Modelling and Impact of 3D print 

Inaccuracies on performance of Circular Waveguide Hybrid Coupler” accepted for publication in International Applied 

Computational Electromagnetics Symposium 
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Figure 46 Measured and simulated magnitude distribution at output ports when 

PORT 1 (top) and PORT 2 (bottom) are excited. 

 

 

Figure 47 Difference in path length between input and output ports 

 

The reduction in errors could be observed by fabricating the structure at an elevation of 

more than 30 degrees to both x- and y- axis and by fabricating integrated structure of 

hybrid coupler and mode converters as shown in Figure 48. The results obtained from the 

hybrid coupler shown in Figure 48 is shown in Figure 49 and Figure 50.   
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Figure 48 Hybrid coupler integrated with rectangular to circular mode converter 

 

 

(a) 
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(b) 

Figure 49 Measured and simulated magnitude distribution at output ports when 

PORT 1 (top) and PORT 2 (bottom) are excited for integrated structure of hybrid 

connected to mode converters. 

 

 

Figure 50 Measured and simulated phase difference between output ports for hybrid 

coupler connected with rectangular to circular mode converter. 
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Discussion 

The metallization technique discussed in this chapter provides selective, effective, low-

cost, low-waste alternative to existing process of metallization in literature like spray 

painting, electroplating, immersion coating etc. [71], [74]. This closed-loop circulatory 

metallization process offers efficient metal deposition on the interior surface of the 

complex electromagnetic device with 2 ports or multiple ports operating over V-band. 

This process could possibly be extended to metallize much complex structures operating 

over wide range of frequency bands. This study also demonstrates the design, fabrication 

and analysis of circular waveguide hybrid coupler, explored for the first time here to the 

best of the author’s knowledge. This study also indicates the presence of precipitates 

which had not been reported earlier in literature and effective solution to eliminate those 

deposition by process of filtration to enhance the performance of the devices.  

 

Key Contributions 

• Demonstrated the ability to design, fabricate and metallize a complex 

electromagnetic component using closed-loop, selective circulatory system which 

is cost effective and generates less waste. 

• Developed the proficiency to develop fluid flow through complex electromagnetic 

structures and establish understanding to metallize these structures.  
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CHAPTER IV  

 THREE-DIMENSIONAL DESIGN, ANALYSIS AND FABRICATION OF BEAM 

FORMING NETWORKS 

 

Additive manufacturing (AM) is widely employed in designing high-frequency complex-

geometry three-dimensional electromagnetic structures otherwise impossible to realize 

using conventional fabrication techniques. These structures pass through different stages 

like modelling, conversion to printable file followed by additive printing which introduces 

geometrical anomalies in the final printed model. These aberrations become pronounced 

in electromagnetic structures with complex geometry operating at higher frequencies as 

the overall dimension of the devices start scaling down with increasing frequency and 

starts grazing closer to the tolerance limit of the printer. In this chapter effects of 

approximations introduced in estimating the geometry of a modelled circular cross-

sectional contorted waveguide operating over V-band (57-64 GHz) on the electromagnetic 

performance of the device is established. This chapter also discusses the design, analysis 

and fabrication of multi-section contorted beamforming network operating over V-band 

(57-64 GHz). Mechanical stability of the contorted structures during 3D printing is offered 

by resting the delicate bends on uniformly distributed cylindrical supports. The selective 

fluidic flow through the complex structure for obtaining uniform metallization is also 

discussed. The geometrical defects introduced during fabrication flow of contorted 

structures and problems encountered in the metallization process are documented in the 

discussion section along with possible solutions to alleviate these issues.  



 

76 

 

 

Background   

Application of AM techniques in the design of complex geometry electromagnetic (EM) 

and radio frequency (RF) devices and components like antennas, waveguides, passive 

electronics, filters, electromagnetically engineered surfaces etc. are gaining immense 

popularity over planar structures fabricated using conventional fabrication techniques. 3D 

printing techniques enable construction of custom geometries by reducing number of 

processing steps, and resources thus simplifying the whole fabrication process compared 

to conventional methods [78]. Electromagnetic devices and components developed by 

printing metallic ink on planar or curved surfaces like shape-conformal antennas printed 

on volumetric curved surfaces [79], [80], frequency selective surface [81], [82]  , passive 

electronics [83], [84] , RFID sensors [85]–[87] promise efficient fabrication along with 

desired performance. 3D printing using metallic, non-metallic or a combination of the 

metallic and non-metallic substrates are highly compelling for fabrication of RF and EM 

devices and components. The AM techniques employing non-metallic substances like 

acrylonitrile butadiene styrene (ABS) or other forms of plastic include fused filament 

fabrication (FFF) used for 3D printing of diplexer, filter, coupler, and reflector antenna 

[71], [88], [89],  fused deposition modelling (FDM) used for printing corrugated horn 

antenna, RFID antenna [90], [91], and stereolithography for printing antennas and 

waveguides [92] etc... 3D printing techniques like selective laser melting (SLM) uses 

metallic powder for printing waveguides [93] while direct digital manufacturing (DDM) 
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technique employs a combination of metallic and dielectric substrates for construction of 

multilayer antennas [94] .  

 

The process of 3D printing is composed of multiple steps like CAD modelling of the 

desired structure, conversion of CAD model to printable stereolithographic (.STL) format, 

interpretation of printable file by 3D printing software based on printer resolution (in X, 

Y and Z- direction), orientation of the printable structure etc. and postprocessing which 

includes one or more of the following steps like careful removal of supports, alcohol wash 

or curing. The final fabricated model is prone to geometrical errors due to the 

approximations assumed in each of the above-mentioned steps which in turn affects its 

overall electromagnetic performance. The deviations in geometrical features between 

CAD model and 3D printed structures impact electromagnetic performance severely for 

complex structures and/or devices operated at higher frequencies. Research focused on 

identifying and mitigating geometrical defects or deviations have primarily concentrated 

on generic structures. Efforts towards reducing geometrical errors between CAD model 

are .STL faceted structures are discussed in [95]. Analytical deviation models of regular 

geometrical shapes derived and calibrated based on measured data are explored in [96]. 

Compensation for geometrical deviations in polygons and cylindrical 3D models using 

analytical and statistical tools are explored in [97]–[99]. Similar efforts in handling shape 

deviation in FDM and employing FEM to model shape shrinkage are enumerated in [100], 

[101].  Effect of structure orientation on build platform affecting surface quality and part 

accuracy are discussed in [102], [103].   
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Air-filled waveguides and antennas operating at higher frequencies are favored for their 

higher power handling capabilities and lower losses. As the frequency increases the size 

of the EM devices shrink in size and starts grazing close to the minimum feature or layer 

resolution supported by 3D printers. Performance of EM devices susceptible to fabrication 

errors are seen in the measurement results [15] . Some of these geometrical errors 

introduced during fabrication affect the EM performance of the device significantly 

especially at higher frequencies. As the cross-section of a waveguide is changed from 

rectangular to circular the dominant mode of propagation changes from TE10 to TE11 

which is also indicative of the change in electric field distribution in the structure. This 

change in cross-section of the waveguide leads to increased sensitivity of the electric field 

to geometrical defects. This chapter aims to investigate the electromagnetic characteristics 

of a contorted circular waveguide (CWG), 3D printed using stereolithographic techniques 

and metallized with silver using closed-loop circulatory system operating. Focus is drawn 

towards the anomalies seen in measurement and the optimum orientation for obtaining 

satisfactory results are also highlighted. The preliminary analysis is established by 

investigating the measured and simulated results of a single section CWG connected to 

rectangular-to-circular waveguide (R2C-WG) transition at either ends. The results from 

the analysis of single section CWG are extended for analysis of electromagnetic 

characteristics in the contorted CWG. The chapter also investigates the design, analysis, 

and metallization process of contorted 4X4 Butler matrix developed vertically to represent 

a compact structure with stacked hybrids connected through appropriately phased 

waveguide bends. Butler matrix is a class of beam forming network with N inputs and N 
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outputs thus, a NXN Butler matrix provides discrete Fourier transform of signals which 

enable beam scanning. Butler matrix is physically realized through a network of hybrids, 

phase-shifters and crossover networks. The inputs or outputs, hybrid couplers and 

progressive phase-shifts at the output can be mathematically expressed as given in 

equations 4-7. The diagrammatic representation of a 4X4 Butler matrix is given in Figure 

51. Crossovers are used for swapping signals between diagonal ports without interference 

and they consume significant area on a printed circuit board. Intelligent structures 

avoiding crossovers are simple and easy to implement without encountering significant 

power loss. The vertically stacked completely 3D Butler matrix employed in this chapter 

leverages the concept of compact beam forming network without requiring a crossover.  

 

 

Figure 51 Diagrammatic representation of a 4X4 Butler matrix with hybrids, phase-

shifters ad crossovers. 

 

𝑁 = 2𝑚
 , where m is an integer ---------- (4) 
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Number of hybrids: 
𝑁𝑙𝑜𝑔2

𝑁

2
 ---------- (5) 

Number of phase shifters: 
𝑁 ሺ𝑙𝑜𝑔2

𝑁−1ሻ

2
 ----------(6) 

Progressive phase-shift between output ports: 𝛽 = ±
2𝑝−1

𝑁
𝑋180  𝑤ℎ𝑒𝑟𝑒 𝑝 =

1, 2, … 𝑁/2  -----------(7) 

 

CAD Modelling of Waveguide Structures 

This section discusses the CAD modelling of single-section CWG, contorted CWG and 

4X4 contorted Butler matrix operating over a frequency of ISM 57-64 GHz. The 

modelling of the structures from single section circular waveguide to Butler matrix are 

discussed in detail for establishing understanding between measured and simulated results. 

The curves and bends in contorted structures are explained in detail and they are 

intelligently designed to preserve the polarization and rotational symmetry at input and 

output ports. The architecture of the Butler matrix enables development and analysis of 

compact beam forming networks beyond 4 inputs and outputs.  

 

Single-section Circular Waveguide 

Figure 52 shows the CAD model of a single section CWG with R2C-WG transition 

connected at either ends of CWG. The transition is used for converting fundamental TE10 

mode in rectangular waveguide to the fundamental TE11 mode in CWG. To study the 

electromagnetic characteristics of a single section CWG contributed by geometrical 
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inconsistencies, establishing a relation between measured and simulated data is extremely 

important. The following steps employed in the design of the single section CWG 

establishes closest approximation between simulated and measured results. Detailed 

explanation of the steps for modelling the structure in electromagnetic simulator is shown 

in Figure 53. Step1: circular section in the yz-plane is created with a diameter of 3.581 

mm and a rectangular section along yz-plane with a spacing of 17.3 mm away from the 

circular section along x-axis with a dimension of 3.76 X 1.88 mm is created. These two 

sections (circular and rectangular) are connected to form the R2C-WG transitions. Step2: 

The transition section is duplicated 180 degrees around the center along the z-axis. Step4: 

CWG is created from the circular faces of the transitions. The total length of the single 

section CWG is 85.4 mm (approximately 17 times the free space wavelength at 60 GHz). 

 

Figure 52 CAD model of single section CWG with R2C-WG mode converters 

connected at both ends. 

 

Figure 53 Step-by-step modelling of single section CWG connected to R2C-WG mode 

converters on both ends. 
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Multi-section Contorted Circular Waveguide 

Figure 54 shows the CAD model of the contorted multi-section CWG. This CWG 

waveguide consists of 10 smaller circular sections with horizontal and vertical bends, 

connected to the R2C-WG transitions at both ends. These waveguide bends are created by 

circular 3D expansion of lines curved with the designated angles. The vertical dimension 

of the contorted CWG is 51.5 mm (approximately 10 times the wavelength at 60 GHz) 

and horizontal dimension is 69.8 mm (approximately 14 times the wavelength at 60 GHz). 

The contorted waveguide images from different cut planes are shown in Figure 54. The 

bends in the curves are optimized to provide an overall reflection co-efficient below -15 

dB in ideal scenario with frequency of operation over 57-64 GHz.    

 

Figure 54 CAD modelling of contorted CWG with R2C-WG mode converters 

connected at both ends. 
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Contorted Butler Matrix 

The CAD model of 4X4 contorted Butler matrix is shown in Figure 55. The hybrid 

couplers discussed in the previous chapter are stacked vertically with a uniform spacing 

of approximately 25 mm between them. The required phase modification of the Butler 

matrix as discussed in the background section is achieved by tuning the phase in coarse 

and fine manner. The coarse tuning of phase is achieved by varying the horizontal spacing 

and vertical spacing of the hybrids and phase bends respectively while fine tuning is 

achieved by modifying the dimension (width and depth) of the rectangular capacitive rings 

on one of the phase bends. The coarse-tuning aids in rapid change of phase between the 

waveguide bends while the fine-tuning mechanism is employed for closer approximation 

of phase reducing the margin of error. The inputs and outputs aligned on the same vertical 

plane for ease of connection with external connectors. The two different phase bends 

connecting the hybrids internally are shown in Figure 55 along with the complete 4X4 

Butler matrix. The input ports and shown in red and the outputs in blue. The input ports 

are positioned closer together for ease of connection with antenna elements.  
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Figure 55 CAD model of 4X4 Butler matrix comprising of hybrid couplers and phase 

bends. 

 

Fabrication and Metallization 

This section describes the process of 3D printing and metallization of the three structures- 

single section CWG, contorted waveguide CWG and 4X4 Butler matrix. Commercial 

stereolithographic printer with printing resolution along z-axis of 25 microns and x, y-axis 

in the range of 100-150 microns is used for 3D printing both the structures described 

above. Three different resins namely black, clear, and model have been used 

interchangeably for the whole experimental expedition and similar results have been 

obtained across all three resins. The CAD models of printable files shown in the next 

section has been used to print the structures. The CAD models are converted to .STL file 

which discretizes the complete geometry into smaller sections. This .STL file is 
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reconstructed as a whole by the print software and interpreted for fabrication based on 

orientation and tolerance limits of the printer.  

 

Single-section and Multi-section Contorted Circular Waveguide 

The thickness of outer casing in single section CWG is approximately 3 mm in thickness. 

While the thickness of the outer casing in reduced to 1 mm for most parts of the contorted 

CWG except near the flanges where the thickness is maintained at 3mm. The thinner 

casing could potentially lead to failure in prints, compromising with the mechanical 

stability of the structure especially around the curves. Cylindrical pillars distributed along 

the length of contorted CWG supports the delicate curves in the structure and enhances 

the mechanical endurance of the overall structure. These modifications in the contorted 

CWG offers faster print and less resin usage compared to a volumetric casing which could 

potentially offer similar mechanical stability to the structure. 

 

The single-section CWG is printed at an arbitrary orientation (horizontal, vertical or 

angled with respect to base plate) with the build plate as significant increment in time is 

not seen across different orientations.  After successful print the structure is washed in 

commercial wash tank filled with isopropyl alcohol of concentration 95 % followed by 

1.5-2 hours of air drying and curing at 600 C for 60 min. The single section CWG is 

metallized using the procedure detailed in chapter III which uses a single pump circulatory 

closed-loop system. 20 ml of Tollens reagent is mixed with 4 ml of dextrose (reducing 

agent) for each run and five such runs are required for metallizing the structure to obtain 
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satisfactory results. Total amount of silver required for metallizing the single section CWG 

is 1gram by weight. 

 

 

(a)                                                      (b) 

Figure 56 CAD model of CWG terminated on both ends by R2C-WG mode 

converters and flanges connected at either ends for ease of connection with 

commercial measurement system (a) Printable single section CWG (b) Printable 

contorted CWG. 

 

The contorted CWG is printed horizontally as it reduces time to print approximately by 5-

7 hours over vertical or angled with base plate and offers closest to ideal results. This 

structure is washed with isopropyl alcohol (95% concentration) for 5 mins in commercial 

tank to remove resin from the outer surface of the structure and 10 mins using the modified 

dual-pump circulatory closed loop system shown in Figure 57. It is dried with heavy flow 

of air to remove excess alcohol followed by air drying for 6-8 hours and curing at 600 C 
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for 60 min. The dual-pump circulatory system is used for thorough cleaning of resin from 

the inside geometry to obtain uniform metal deposition.  

 

 

Figure 57 Dual pump push-pull system for metallizing geometrically complex 

structures like contorted CWG. 

 

The dual-pump closed loop circulatory system consists of two pumps which rotates in 

the same direction to enhance the speed of fluid flow through the longer contorted 

waveguide structure. Slower fluid speed through the system reduces the uniformity of 

deposited metal at extreme ends eventually affecting the overall performance. 20 ml 

Tollens reagent mixed with 4 ml dextrose reducing solution is transported through the 

structure for each run. Desired results are obtained after 15 such runs (3 grams of silver 

by wt. is deposited) and the contorted waveguide is rotated between points A and B after 

each run to achieve uniform metal deposition. The number of runs required for 
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metallizing waveguide is decided by the best results obtained. Metallizing a structure 

beyond certain number of runs do not offer significant improvement in measured results 

and leads to gradual degradation of results at higher frequencies due to increasing 

surface roughness. 

 

4X4 Contorted Butler Matrix 

The CAD model of 3D printed Butler matrix is shown in Figure 58. The outer casing is 

2.5 mm is width for most of the structure except at the sharper curves where it is 

maintained at a thickness of 1 mm as increasing the casing thickness around sharp curves 

leads to design errors. The mechanical stability of the structure is maintained by the 

cylindrical supports shown and the flanges have also been modified to withstand the 

effects of multiple connection and disconnection during the whole metallization and 

measurement expedition. The circular waveguide Butler matrix is terminated with R2C-

WG at all input and output ports enabling connection to rectangular flanges. The 3D 

printed 4X4 Butler matrix is washed in isopropyl alcohol selectively connecting only 2 

sets of ports at a time using the modified dual pump push-pull system shown in Figure 57. 

The chosen set of port combinations are: IN 1&2, IN 3&4, OUT 1&3 and OUT 2&4. If 

one set is chosen as inlet the outlet is swapped between the other 3 combinations with 

alcohol wash performed for 1.5 minutes with each combination. All the combinations are 

chosen as inlets while the outlet swapped across the other three combinations. When the 

set of inlet and outlet are connected the other ports are terminated with a flat piece of 
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elastic resin blocking the outlet to minimize fluid flow in that particular direction. The 

entire structure is air-dried for around 24 hours and then cured in commercial machine.  

 

Figure 58 CAD model of fabricable 4X4 Butler matrix with modified flanges and 

supports to ensure mechanical stability of the structure during 3D print.  

 

Measurement and Analysis 

This section presents the detailed analysis of measured and simulated results of single 

section CWG, contorted CWG and 4X4 Butler matrix. The electromagnetic simulation 

software approximates the surface geometry of single section CWG by multiple smaller 

geometries based on chosen meshing and solves the electromagnetic fields on the entire 

structure by computing boundary conditions on smaller geometries. Similarly, the circular 

cross section is approximated by N-sided polygon and the entire geometry of CWG by 

smaller geometries which is converted to. STL format followed by reconstruction of the 

printable file (. STL format) in 3D printer software. The effects of these geometrical 
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approximations on the overall electromagnetic performance of the waveguide structures 

are explored here in details through measurement and simulation.   

 

Single-section and Multi-section Contorted Circular Waveguide 

The diameter of the circular cross-section of CWG is chosen as 3.5814 mm to excite 

fundamental mode TE11 over the frequency range of interest (57-64 GHz). The simulation 

results for a single section CWG with no transitions connected offer insertion coefficient 

close to 0 dB and reflection coefficient below -60 dB over the frequency range without 

any reflections. But the simulation results with default surface meshing for single section 

CWG connected to R2C-WG transition on either end show insertion co-efficient of 0 dB 

and reflection co-efficient below -40 dB with periodic reflections throughout the 

frequency range of interest for a 2-inch long circular waveguide. Figure 59 shows the 

simulation results of the single section circular waveguide with the R2C-WG transition 

connected in case 1 and without any mode converters connected in case 2. In both the 

structures only, the cylindrical waveguide section is measured. In case 1 this is achieved 

by de-embedding to remove the effects of R2C-WG transitions. These simulations are 

carried out with the default surface meshing in the software and is kept unchanged across 

the two cases. However, increasing the meshing to enable finer approximation of the 

surface of CWG connected to R2C-WG transitions removes the periodic reflections from 

the results offering the desired results across the frequency range without significant 

reflections.  
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Figure 59 Simulated results in single section circular waveguide with R2C-WG mode 

converter connected (case 1) and circular waveguide with no R2C-WG mode 

converter connected (case 2). 

 

Figure 60 compares the results from meshing differences and the observed results in the 

same single section CWG connected to R2C-WG transitions on either ends. This analysis 

obtained from simulation results indicate that a coarse meshing of the circular cross-

section leads to periodic reflections contributed by undesired modes propagating in the 

waveguide at the frequency range of interest. Exact conversion of TE10 to TE11 mode 

occurs in the R2C-WG transition when the surfaces are finely approximated by dense 

meshing. The periodic reflection across the frequency range is not observed in a circular 

waveguide without R2C-WG transition even with coarse meshing (Figure 59) as the 

conversion of from TE10 to TE11 is not encountered in this scenario. 
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Figure 60 Comparison of simulated results in a single section CWG connected to 

R2C-WG transition with default and finer meshing. 

 

The Figure 61 (a) shows the close relationship between the measured and simulated results 

of the structure with periodic repetition of reflections occurring at precise frequency 

locations. The measurement results are obtained by calibrating the network analyzer using 

Transmission Reflection and Load (TRL) calibration kit shown in Figure 62 (b) ensuring 

that the effects of R2C-WG and external connectors are ignored, shifting the plane of 

reference beyond R2C-WG. The close relationship between measured and simulated 

results are obtained for the CWG with the simulated structure designed using the 

procedure described in Figure 53.  
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(a) 

 

(b) 

Figure 61 Measurement of single section circular waveguide connected to R2C-WG 

mode converter on either ends (a) Comparison of measured and simulated results (b) 

TRL calibration kit used for measuring the waveguide. 

 



 

94 

 

 

Figure 62 Measured single section circular waveguide with no tilt between the three 

sections and R2C-WG mode converters arbitrarily tilted from 0-degrees to remove 

the reflections seen in the structure. 

 

 

Figure 63 Measured results of contorted circular waveguide. (a) Waveguide printed 

at an arbitrary angle (b) waveguide printed horizontally to the base plate. 
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Figure 62 and Figure 63 investigates the effects of geometrical defects on the 

electromagnetic performance of the structure and projects the effects of geometrical 

defects on field alignment. In Figure 62 it is shown that the geometrical approximations 

in simulation leads to misalignment of electric field at the intersection of mode converter 

and CWG. The reflections reduce in intensity when the structure is tilted at an angle of 50 

degrees with respect to the principal axis (z-axis). This observation has also been 

encountered in measured results shown in Figure 63. Though the tilt of principle axis is 

different between the measured and simulated scenario but the effect of geometrical 

approximations on the alignment of launched mode in CWG can be clearly seen. The tilt 

in measured scenario is obtained by modifying the cross-section of the flange which 

behaves like a lock and key system allowing free rotation between CWG and R2C-WG 

mode converter. The R2C-WG mode transition is rotated on either ends to obtain S21 and 

S11/S22 results with minimum or no reflection.  

 

Figure 64 shows the fabricated contorted CWG connected to R2C-WG on either ends and 

its measurement set-up where the contorted waveguide is connected to commercial coax 

to rectangular waveguide connector. The contorted CWG consists of 10 different sections 

of CWG oriented vertically as well as horizontally. Each section is segmented separately 

based on printer resolution and orientation. The contorted waveguide is printed at 

horizontal and arbitrary (vertical and 45 degrees with x-axis) orientations as shown in 

Figure 65. Figure 66 shows the measured results of the contorted waveguide section 3D 

printed at these different angles. The horizontal orientation offers optimum results with 
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the magnitude of S21 around 0 dB and S11/S22 below -5 dB for the entire frequency 

range. While the arbitrary orientation reflects back almost the entire launched power from 

the waveguide. The S11/S22 values are closer to 0 dB and S21 below -5 dB. This indicates 

the sensitivity of electric field orientation at each cross-section which is dominated by the 

angle at which the structure is printed. The periodic reflections in the measurement are 

attributed to the excitation of undesired modes in circular waveguide due to geometrical 

defects introduced during the process of CAD modelling to 3D printing.  

 

 

(a)                                                                      (b) 

Figure 64 Contorted circular waveguide (a) fabricated and metallized structure (b) 

measurement set-up with the contorted waveguide connected to commercial flange 

for measurement. 
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Figure 65 Different orientation of print for the contorted CWG: horizontal, angled 

and vertical with respect to base plane. 

 

 

Figure 66 Measured results of contorted circular waveguide. (a) Waveguide printed 

at an arbitrary (vertical and 45 degrees with base plane) angle (b) waveguide printed 

horizontally to the base plate. 

 

4X4 Contorted Butler Matrix 

Figure 67 shows the fabricated model of 4X4 contorted Butler matrix in black resin with 

supports for mechanical stability of the structure. The whole structure is printed vertically 

for ease and accuracy of printing of hybrid couplers. Horizontal fabrication of Butler 

matrix would yield accurate print of phase bends but would lead to torn prints of inductive 
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curvilinear posts inside the hybrid coupler. The vertical print though increases geometrical 

defects and inaccuracies but leads to successful fabrication of the whole structure.  Figure 

68 shows the simulated magnitude and phase differences when each input port is excited. 

These results are obtained without connecting R2C-WG mode converter in the simulation. 

This 4X4 Butler matrix could be used for scanning beam in the XY-plane. The beam 

scanning ability of the Butler matrix is demonstrated by connecting the Butler matrix to 

waveguide antennas. The separation between the waveguides are maintained at 3.7 mm, 

more than the recommended spacing of 2.5 mm (half wavelength at 60 GHz) as the 

diameter of antenna 3.5 mm so, maintaining a spacing of half wavelength is impossible. 

The beam scanning of the waveguide antenna using Butler matrix is shown in Figure 69.  

 

 

Figure 67 4X4 Butler matrix fabricated with black resin. 
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Figure 68 Simulated results of 4X4 Butler matrix showing both phase difference and 

magnitude. 
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Figure 69 Beam scanning using 4X4 Butler matrix connected to waveguide antenna. 

 

Discussion 

Some of the geometrical defects introduced by additive manufacturing techniques could 

possibly affect the electromagnetic performance of a structure especially operating at 

higher frequencies when the dimension of the structure grazes closer to the resolution of 

the printer while other defects might not. It is important to identify the sources of defects 

introduced during printing that affect the performance of the structure and propose 

possible solutions keeping in mind the available resources. The fabrication defects 

introduced in this chapter could be alleviated by either using a printer with higher 

resolution or operating the entire system at the lower frequency for closer approximation 

of entire geometry. The aberrations in the measured results arise due to the introduction 
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of R2C-WG mode converters which introduces undesired modes in the system. These 

reflections could possibly be reduced or removed by application of different mode 

converters or launch techniques.  

 

Key Contributions 

• The contorted complex waveguide and Butler matrix structures introduced in this 

chapter shows that complex bends and curves could be designed to maintain 

rotational symmetry preserving the polarization of the structure.  

• Identified the source of anomalous reflections observed in measurements by 

analyzing mode converters and other locations susceptible to fabrication 

workflow. 

• Successfully established the relation between fabrication limitations on 

performance of complex waveguide structures with multiple twists and bends.  

• Demonstrated the successful operation of contorted three-dimensional 4X4 Butler 

matrix over the frequency range of 57-64 GHz  
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CHAPTER V  

 CONCLUSION 

 

This work provides systematic overview along with measured and simulated results of 

complex-geometry additively manufactured structures electromagnetically functionalized 

by selective pressure drive flow of fluids. These structures offer advances in the design 

space created by the amalgamation of distinct research areas that is electromagnetics, 

fluidics and additive manufacturing. Two different electromagnetic structures have been 

investigated for the study- structurally embedded vascular antenna array and contorted 

waveguide beamforming network. These structures are additively printed by depositing 

layer-upon-layer of material and electromagnetically functionalized by controlled flow of 

liquid metal or metal bath through the system.  

 

The first work investigated in this dissertation consists of a structurally embedded antenna 

in multilayer and an antenna array shaped in the form of a leading edge of UAV, 

reconfigurable over a wide frequency range. These structures consist of geometrically 

distinct microvascular capillaries embedded in-between layers of epoxy and capable of 

transporting conductive fluid. The multilayer structure consists of two distinct geometrical 

patterns of microvascular cavities embedded in distict layers and operated as an antenna 

over a decade frequency range by controlled transport of liquid metal through these 

channels. The complex-curved antenna array assumes the shape of a predetermined 

mandrel with microvascular capillaries embedded in the curve. This antenna array is 
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capable of frequency reconfiguration and beam scanning. The structurally embedded 

vascular antennas offer advances in the current fabrication techniques through multilayer 

and complex-curved structures over planar and non-conformal EM devices which restrict 

the current design scope. The scope of amalgamation occurring from this field is clearly 

showcased through these structures and the limitations associated with the operation is 

also highlighted. Future work involves design of effective pump system for easy and 

measured flow of liquid metal in the capillaries both in forward and reverse direction 

without leaving behind traces of liquid metal in the microvascular channels. Improvement 

or advancement in the characteristics of conductive fluid are important steps in this 

direction to avoid traces of liquid metal left behind by retraction. Embedded feed in the 

epoxy substrate and precise measurement of liquid metal volume in embedded capillaries 

could also possibly reduce some of the deviations seen between measured and simulated 

results. These shape conformal structures open new avenues for designing antennas and 

microwave circuits on various other geometries with complex curves.  

 

The second work investigated is the design, analysis, fabrication and metallization of 

contorted and complexly curved waveguides and beamforming networks. This work 

shows the design of geometrically complex waveguide structures with bends and twists 

preserving the polarization and rotational symmetry. Selective closed-loop circulatory 

electroless metallization technique has been developed to effectively deposit metal on 

inner surface of waveguides and antennas at low-cost generating low waste. This 

metallization technique could be extended to metallize any closed waveguiding or antenna 
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structures with silver or any other metal of interest, operating over any frequency band. 

Different other acrylate materials and even metal printed components could also be 

considered for metallization using similar techniques. The closed-loop pump system could 

be operated with pre-defined flow levels and pressure to regulate the area and degree of 

deposition. This would require careful and extensible studies of fluidics through complex 

curved systems. The sources of error highlighted in this work helps in developing 

understanding of the defects in fabrication flow process that affects the electromagnetic 

performance. This analysis could be used as a reference in the future to develop feedback 

system, advanced fabrication techniques or designs to alleviate these issues. The 4X4 

Butler matrix developed in this work could also be potentially used to develop higher order 

beamforming networks as well as array system for beam scanning.  

 

This work shows significant progress made in creating geometrically-complex antennas 

and contorted waveguide beam forming networks fabricated using additive techniques and 

electromagnetically functionalized by fluidic or microfluidic process. Through this work 

scope of current techniques are emphasized and their limitations are also highlighted. 

Future works involve working on some of the issues seen in this field and advancing the 

field with the available techniques highlighted.  
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