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SUMMARY

At the time of writing, we’re in the midst of the revolution of the 5th generation (5G)

wireless network that promises much faster data speeds and more reliable service. To meet

the ambitious goals in 5G, microwave components are required to have adaptive frequency

and radiation response over a wide spectrum based on the environment, region, and type of

service. Traditional tunable microwave devices uses active diodes, switches, phase shifters

to achieve fast response, but at the same time, they can be expensive, fragile, difficult to

realize, and increase the overall size of the RF system. Therefore, new topologies need to

be investigated to realize high-performance tunable microwave components in a low-cost,

easy to fabricate, and sustainable manner.

The work presented in this thesis explores the possibility of implementing origami-

inspired shape-changing structures into microwave designs to enable continuous perfor-

mance tunability as well as deployability. The research not only experimented novel struc-

tures that have unique mechanical behaviour, but also developed automated additive man-

ufacturing (AM) fabrication process that pushes the boundary of realizable frequency from

Sub-6 GHz to mm-wave. High-performance origami-inspired reconfigurable frequency se-

lective surfaces (FSSs) and reflectarray antennas are realized for the first time at mm-wave

frequencies with AM techniques. The research also investigated the idea of combining

mechanical tuning and active tuning methods in a hybrid manner to realize the first truly

conformal beam-forming phased array antenna that can be applied onto any arbitrary sur-

face and can be re-calibrated with a 3D depth camera system.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

The exponential growth of smartphones, self driving cars, internet of things (IoT), smart

cities, etc., are pushing network providers and authorities to allocate more frequency bands

to fulfill the continuously increasing data traffic. Therefore, microwave devices for next

generation communication systems are required have adaptive frequency response over a

wider frequency range based on the environment, region, and type of service. In recent

years, significant amount of research has been undertaken on reconfigurable microwave

devices to realize a variable frequency response. Various of methodologies can be utilized

to achieve on-demand tunability. One common approach is by introducing active compo-

nents such as p-i-n diodes, varactor diodes, or microelectromechanical systems (MEMS)

capacitors/switches to turn part of the device on and off or change the parasitic loading of

the device. While the active tuning approach can achieve responsive and accurate frequency

response, at the same time, they can be expensive, fragile and require complex biasing and

feeding circuits that dramatically increase the cost and fabrication difficulty, limiting the

scalability of the tunable microwave devices.

Another approach to realize reconfigurable microwave devices is by changing the ge-

ometry mechanically using foldable origami-inspired 3D structures. Microwave designs

with origami-inspired structures eliminate the need of active components, featuring un-

precedented capabilities for deployability, power handling, and continuous-range tunabil-

ity, enabling drastic improvements in the performance of devices such as antennas, sensors,

frequency selective surfaces (FSSs), etc. However, one of the biggest challenges with many

origami-inspired designs is that they are utilizing paper as the substrate, which is prone to
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absorbing moisture, tearing, and has significant dielectric losses. In addition, the fabri-

cation process of paper-based origami-inspired designs is usually labor intensive involves

manual cutting and folding that lacks accuracy. For these reasons, it is important to develop

a new fully automated process that utilizes durable and weather resistant materials to realize

origami-inspired structures to fit the needs in real-life and future mm-wave applications.

As a potential solution to this problem, additive manufacturing (AM) methods such as

3D printing and inkjet printing techniques can be utilized to deposit both dielectric and

conductive materials in a 2.5D/3D fashion, where complex origami-inspired designs can

be realized directly. 3D printing allows the rapid design and fabrication of free-form three

dimensional objects with ease. Fully 3D printed flexible substrates eliminate the require-

ment of folding and cutting which enables more complicated design elements such as slots,

round holes, etc. Meanwhile, inkjet printing technique allows selective deposition of wide

variety of materials, including metals, dielectrics, and nano-materials. Fully automated

high-accuracy additive manufacturing methodologies can also reduce the size of a unit

cell, opening the potential for 5G and mm-wave applications.

1.2 Thesis Outline

This thesis explores the concept of combining 3D printing with inkjet printing technol-

ogy to realize state-of-the-art origami-inspired tunable and deployable microwave devices,

including mm-wave reconfigurable single- and multi-layer FSSs, high-sensitivity chipless

RFID sensors, deployable antennas and arrays, etc. This thesis consists of 8 sections:

• Chapter 2 reviews the current advances and challenges of shape-changing microwave

devices.

• Chapter 3 reviews various additive manufacturing technologies and additively man-

ufactured RF devices.
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• Chapter 4 presents newly developed hybrid printing process as well as hybrid printed

origami-inspired FSSs and sensors.

• Chapter 5 presents the first origami-inspired high-performance antenna array enabled

by a novel two-stage “snapping-like” structure.

• Chapter 6 presents the design of a truly conformal phased array system that features

tile-based scalable architecture, mechanical tuning, electrical beam-steering, as well

as on-the-fly calibration using computer vision and 3D depth camera.

• Chapter 7 presents the addition work on novel origami-inspired “eggbox” structure.

• Chapter 8 presents the addition work on the characterization of low-loss 3D printable

dielectrics.

• Chapter 9 discusses the contributions and the potential future works.
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CHAPTER 2

PREVIOUS EFFORTS IN SHAPE-CHANGING ORIGAMI-INSPIRED RF

DEVICES

As discussed in Chapter 1, one of the most popular and widely used techniques to real-

ize tunable RF structures is by using electronic components (such as diodes, varactors,

and microelectromechanical systems) to change the electromagnetic properties of the res-

onant structures. These structures can achieve high tuning speed but they suffer from a

high failure rate and limited tunability range, and become harder to realize as their overall

size increases. Other techniques include using ferrite substrates and integrated microflu-

idic channels that change the RF structures’ electromagnetic response by varying the sub-

strate’s effective permittivity and selectively loading the resonant structures, respectively.

However, they require high operating voltages and are hard to control.

While origami-inspired RF structures present a promising methodology to realize novel

communication modules and systems for next-generation mm-wave systems, they present a

number of novel challenges that need to be addressed for a robust design. These include the

realization of truly flexible conductive traces, multilayer configuration with interconnects

(that maintain high conductivity during folding or bending process), folding automation

techniques (especially for thick substrates), mathematical modeling of origami structures

(including its kinematics and design), and their relationship to the EM behavior of the RF

structures. In this work, inkjetprinting technology is used to fabricate highly flexible con-

ductive traces as it facilitates rapid fabrication of complex multilayer multimaterial 2D/3D

flexible RF structures on a wide range of substrates.
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2.1 Origami-inspired Reconfigurable Frequency Selective Surfaces (FSSs)

Frequency selective surface (FSS) is a periodic structure with arrays of elements arranged

on a dielectric substrate to absorb, reflect, or transmit electromagnetic waves based on the

frequency [1]. The frequency response of an FSS can be determined by the element shape,

size, distribution, and the type of the dielectric substrate. FSSs have found great range

of applications including spatial frequency filtering, electromagnetic shielding, absorbers,

radomes, sensors, etc. In recent years, a significant amount of research has been under-

taken on reconfigurable FSSs to realize a variable frequency response. Various method-

ologies can be utilized to achieve on-demand tunability, with one common approach is by

introducing active components such as p–i–n diodes [2, 3], varactor diodes [4, 5], or micro-

electromechanical systems (MEMS) capacitors/switches [6, 7] to tune the parasitics of the

FSS equivalent circuits. This active tuning approach can be responsive and accurate. How-

ever, those active components can also be expensive, fragile, and require complex biasing

circuits that dramatically increase the cost and fabrication difficulty, limiting the scalability

of the reconfigurable FSS.

Another approach to realize reconfigurable FSSs is by changing the shape mechani-

cally using foldable origami-inspired 3D structures. A great number of origami-inspired

3D FSSs have been studied in recent years, showing unprecedented capabilities for deploy-

ability and continuous-range tunability.

2.1.1 Single Layer Origami-inspired FSS

Miura-ori shown in Fig.2.1a is one of the most commonly used element structures in

origami-inspired 3D FSS designs. One of the first origami-inspired FSS utilizes Miura-

ori structure was presented in [8] in 2012 with 40× 40 elements realized on a paper-based

substrate, each element contains four chemically etched cross-shaped conductive patterns

(Fig. 2.1b). When folding the structure, the equivalent electrical length of the conductive
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(a) (b)

Figure 2.1: One of the first origami-inspired FSS: (a) Miura-ori unit cell structure [8], (b)
Miura-ori FSS with cross-shaped elements [8].

(a) (b)

Figure 2.2: Miura-ori FSS with dipole-shaped conductive traces: (a) 1-RiM configuration
with two conductive traces on one Miura-ori element [9], (b) 3-RiM configuration with two
conductive traces across three Miura-ori elements [9].

patterns will be reduced, as a result, the resonate frequency can be tuned from 10 GHz to

11 GHz. However, for this cross-shaped design, the frequency response is very sensitive to

the angle of incidence (AoI) due to the strong inter-element coupling.

Later in 2017, [10] presented a Miura-ori-based FSS utilizes dipole-shaped element

(Fig. 2.2a) that can be tuned from 7.2 GHz to 8.2 GHz. The dipole-shaped element has

more stable frequency response under larger AoI as it only has one polarization. By ex-

panding the length of the dipole elements, the conductor can span across multiple foldlines

and morph into a ripple-shaped structure as shown in Fig. 2.2b. With this “n-RiM” config-
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(a) (b)

Figure 2.3: Miura-ori FSS with rhombic loop resonators: (a) a 4 × 3 configuration show-
ing the unit cell at different folding states. [11], (b) fabricated FSS on a polyimide sub-
strate [11].

uration, the bandwidth and frequency tunability can be significantly improved. [9] reported

the 3-RiM configuration can demonstrate 100 % increasement in resonant frequency tun-

able range and 200 % increasement in bandwidth compared to a traditional 1-RiM design.

In 2020, [11] presents a Miura-ori FSS with rhombic loop elements (Fig. 2.3), where

the resonate frequency of TE mode can be tuned by folding the structure and the TM

mode has a stable frequency response. By conforming the strongly coupled rhombic loop

resonators, this FSS can be transformed from a single-band to a dual-band configuration.

These discoveries give the origami-inspired FSS designers more flexibility to meet a certain

target performance.

2.1.2 Multi-layer Origami-inspired FSS

To further improve the bandwidth and angle of incidence stability, [12] presents a series of

origami-inspired Miura-based FSS with multi-layer configurations. With “mirror-stacked”

(Fig 2.4a) and “inline-stacked” (Fig 2.4b) configurations, the FSS can achieve different
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(a) (b)

Figure 2.4: Miura-ori-based FSSs with multilayer configurations: (a) “mirror-stacked”, (b)
“inline-stacked”[12].

specifications such as multiple bands, broadband response, narrowband response, AoI re-

jection, etc, based on the application.

Manually operated mechanical frames are the most popular actuation method to re-

configure the origami-inspired FSSs. While a frame is good enough for proof-of-concept

demonstrations, it is not practical for real-life implementations. [13] investigated a thermal

actuation mechanism to deploy multi-layer origami-inspired FSS designs. Using heat sen-

sitive paper as a spacer layer, the actuation can be controlled by varying the temperature,

making the origami-inspired FSS more attractive for terrestrial, outer-space and electro-

magnetic cloaking applications.

2.2 Origami-inspired Antennas

To ensure the wireless devices can operate without interruption in different regions and en-

vironment conditions, the antenna must have the ability of switching the resonant frequency

and radiation performance adaptively. Similar to the conventional tunable FSSs, most of

the reconfigurable antennas were realized with active components such p-i-n diodes [14,

15], MEMS switches [16, 17], FETs [18] to turn part of the antenna on and off, or change

the parasitic loading of the antenna. The active components with feeding or biasing circuits

are adding extra power consumption, weight, cost and fabrication difficulty. Moreover, the

rigid active components can be a bottleneck that limits the flexibility for wearable or con-

formal electronic devices. To address this challenge, origami-inspired antennas can be an
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(a) (b)

Figure 2.5: Origami-inspired helical antennas (a) a deployable helical antenna [19] (b) a
tunable Quasi-Yagi antenna realized by three origami helical antennas [22].

excellent option because of their light weight, low cost, and ease of deployment. Various

origami-inspired antennas have been studied over the years with promising performance,

deployability, and reconfigurability.

2.2.1 Folded Origami-inspired Antennas

The most commonly used process to realize origami-inspired antennas is to use a flat paper

as substrate, then attach a conductive layer using copper tape onto the substrate, finally, fold

onto a 3D structure. [19, 20, 21] utilized this process to realize origami-inspired helical

antennas (Fig. 2.5a) for satellite communication applications. The resonant frequency of

the antenna can be easily tuned by varying the height of the structure. Additionally, the

structure can be retracted to save space. The origami-inspired helical antenna can also

be used as unit cell elements for other type of antennas. For example, by placing the

origami antenna helical side-by-side [22], a tunable Quasi-Yagi antenna can be realized

(Fig. 2.5b) with beam direction and beamwidth switching capability. [23] presented a bi-

directional loop antenna array enabled by origami “magic cube” structure. The “magic

cube” can be realized in both one-element and multi-element configurations. The volume

can be minimized in folded configuration and the structure can be deployed to maximize

the radiation performance, that can achieve realized gain of 5.91 dBi with three “magic

cube” elements.

Origami-inspired structures can also transform an ordinary antenna into a high-performance
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reconfigurable design. [24] uses the “Flasher” structure shown in Fig.2.6 to realize a tun-

able dipole antenna. This antenna covers 750 MHz to 800 MHz and 1.19 GHz to 1.26 GHz

frequency bands with fractional bandwidth (FBW) of 6 % and 7 % respectively. [25] trans-

formed a monopole antenna into a high-gain design utilizes “Tetrahedron” origami struc-

ture. The antenna covers 2 GHz to 4 GHz with 66 % FBW and realized peak gain of 9.5 dBi.

This design can be very effective for point-to-point wireless communication systems. [26]

presented a 2D to 3D convertible spiral antenna enabled by Nojoma wrapping origami

structure. The antenna demonstrated wide frequency coverage from 2.1 GHz to 3.5 GHz

with realized gain greater than 4 dBi.

Figure 2.6: Origami “Flasher” antenna: (a)–(j) folding process, (k)-(n) transforming pro-
cess from unfolded to folded states.

Folded origami-inspired antennas can also be realized on a standard PCB with cutted
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(a) (b)

Figure 2.7: (a) Origami-inspired 4-element patch array with integrated hinge structures
[27] (b) reconfigurable C-band dipole antenna array [28].

hinge structures. [27] presented one of the first origami antenna on a FR4 substrate with

integrated hinges (Fig. 2.7a) that the hinge structure withstood 5000 folding cycles without

any failures. The antenna has four patch elements with maximum gain of 9 dBi. By chang-

ing the folding angle, the main beam direction can be steered up to 35°. [28] presented a

radiation pattern and shape reconfigurable C-band dipole array antenna for CubeSat appli-

cations. The design was fabricated with rigid FR4 board with Lamina Emergent Torsion

(LET) joints to enable planar and folded modes. The planar mode is designed for lin-

early polarized omnidirectional inter-satellite communications, while the folded mode is

designed for circularly polarized earth-to-satellite communications with high directivity.

2.2.2 3D Printed Origami-inspired Antennas

To realize origami-inspired antennas with more complicated structures, 3D printing tech-

nology can be an excellent solution especially with flexible or shape memory materi-
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(a) (b)

Figure 2.8: 3D printed microfluidics-based origami antennas (a) “Chinese-fan” inspired
antenna [29], (b) origami reconfigurable antenna “trees” [30].

als. [29] proposes a 3D printed “Chinese fan” inspired origami antenna (Fig. 2.8a) with

microfluidics-based liquid metal alloy (LMA). The resonant frequency can be tuned from

896 MHz to 992 MHz by changing the apex angle of the structure. [30] proposed an

origami-inspired, 3D printed “tree” antenna system that contains zigzag and helical an-

tennas. Both antennas are microfluidic-based and filled with EGaIn. The antenna features

dual-band radiation in multiple polarization directions, and the radiation pattern can be re-

configured by compressing or stretching the structure. These researches demonstrate the

potential of using 3D printing technology to realize more complicated origami-inspired

structures as well as using LMA to realize conductor traces with exceptional flexibility.

[31] presented one of the first 3D printed cube-shaped origami antenna utilizes shape

memory polymers (SMP). With SMP, the structure can be deployed or retracted by simply

changing the temperature, and the radiation pattern will be transformed from directional

to omi-directional at the same time. This design is great for wireless energy harvesting

applications. [32] presented a self-actuating 3D printed packaging-integrated antenna array

with SMP. This design has four 28.8 GHz trapezoidal planar monopole antennas to achieve

a wide bandwidth. It can be mounted on top of a Broadcom BCM2835 SoC, and begin

deploying when the IC is heated to 62 °C.
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(a) (b)

Figure 2.9: 3D printed SMP-based origami antennas (a) cube-shaped origami patched an-
tenna [31], (b) packaging-integrated antenna array mounted on Broadcom BCM2835 SoC

2.3 Summary

Origami-inspired structure gives microwave components the ability of changing the fre-

quency response and radiation performance on-demand, which can be an ideal solution for

modern 5G and mm-wave applications. However, there are some challenges:

Lack of automated fabrication process that can utilize durable materials is one of the

biggest challenges for origami-inspired designs as most of the designs are using paper as a

substrate. While paper is ideal for realizing proof of concept origami-inspired structures,

it is prone to absorb moisture, tear and features high dielectric losses. Moreover, paper-

based origami RF structures need to be folded manually that limits their use in mm-wave

applications when components become very small. For more complicated multilayer con-

figurations, accuracy and durability suffered as the alignment and attachment of multiple

substrates becomes a significant problem. For these reasons, it is important to develop a

new fully automated process that utilizes durable and weather resistant materials to realize

origami-inspired structures to fit the needs in real-life and future mm-wave applications.

Additionally, to date, there’s no origami-inspired antenna that can reach mm-wave fre-
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quency. This is because the small wavelength at higher frequencies dramatically reduces

the feature size of the origami elements, making it challenging to design and fabricate.

Chapter 3 will provide a review of additive manufacturing (AM) technologies as well

as additively manufactured RF devices. AM could be the key to solve the fabrication chal-

lenges of mm-wave origami-inspired microwave designs.
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CHAPTER 3

REVIEW OF ADDITIVE MANUFACTURING TECHNIQUES AND ADDITIVELY

MANUFACTURED RF DEVICES

Society is undergoing what is known as the fourth industrial revolution, also known as the

digital revolution. While the era is often associated with computers, internet of things, and

the world wide web, the fourth industrial revolution highlights the leaps in manufacturing

technologies with the utilization of automation and smart machines. Within that domain,

additive manufacturing (AM) technologies have seen rapid adoption, becoming accessible

worldwide to rapidly prototype new designs and innovative structures that were not pos-

sible with traditional fabrication techniques [33, 34]. Additive manufacturing comes with

additional benefits, such as reducing fabrication time, reducing waste materials, thereby re-

ducing costs, as well as enabling integration of what would be traditionally fabricated from

multiple parts into a single structure. The impact has been staggering, seeing adoption in

multiple industries such as education, medical, space, aviation, etc [35, 36, 37, 38].

3.1 Overview of Various AM Technologies

AM can be divided into several categories. Two prominent additive techniques in printing

circuit structures include aerosol jet printing and inkjet printing. These are 2.5D technolo-

gies which enable multi-layer printing capability that can print a wide variety of materials,

including metals, dielectrics, and nano-materials onto both flexible and rigid surfaces with

high resolution. While these technologies can deposit material in the x and y planar direc-

tions, the vertical height that can be printed (z-direction) is limited to a few millimetres to a

few centimetres. The capabilities and limitations of inkjet and aerosol jet printing are listed

in Table. 3.1.
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Table 3.1: Capabilities and Limitations of Inkjet and Aerosol-jet Printing

Printing Technology Advantages Disadvantages

Aerosol Jet Printing

• High Print Resolution (∼10 µm) [39]

• Wide range of printable materials with a wide
range of ink viscosity.

• Conformal printing on curved surfaces

• Nozzles using sheath gas protects nozzles from
damage/clogging leading to reliable and repeat-
able printing

• High Print Resolution leads to slow print time

• Difficult to bring to manufacturing scalability
due to nozzle cost

• Higher operating cost due to additional neces-
sary units to create droplet mist and focused car-
rier gas stream.[40]

Inkjet Printing

• Mature technology, wide range of manufactur-
ers leading to low cost and high nozzle count for
quick printing compared to aerosol

• Low cost nozzles and adjustable printing densi-
ties for thin and thick film deposition

• Roll-to-roll production capability for rapid high
volume manufacturing[41]

• Materials/inks are limited by its physical prop-
erties such as viscosity, surface tension

• Limited nozzle lifetime due to clogging after pe-
riods of non-use. Nozzle cleaning procedures
(purging, spitting) waste ink.

• Generally lower resolution than aerosol. With
some exceptions of low volume produc-
tion/prototype systems that achieved sub-micron
resolution [42]
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For true 3D structures, 3D printing technologies such as fused deposition modeling

(FDM), Stereolithography (SLA), and Selective Laser Sintering (SLS) can be utilized to

push the vertical dimension up to tens of centimetres. FDM is the most common type of

3D printing with a wide range of applications, which uses heated extruder to deposit ther-

moplastics and build up structure layer-by-layer, while SLA is an optical based 3D printing

technology that uses laser or optical projectors as the energy source to cure and solidify

light sensitive photopolymer resins layer-by-layer to realize complex 3D structures. The

resolution is typically decided by the source optics, thereby making it a superior candidate

for mm-wave applications. To date, commercialized SLA resins feature a wide variety of

mechanical properties and RF characteristics. The availability of flexible elastomer resins

makes SLA 3D printing technology an ideal solution for origami-inspired substrates. SLS

uses high power laser to fuse the small particles of powder materials. The comparison

between these 3D printing technologies is shown in Table. 3.2.

3.2 Additively Manufactured RF Devices

Additive manufacturing methods such as 3D printing and inkjet printing techniques are be-

coming increasingly popular in the fabrication of RF devices. A commercially available

Formlabs Form3 SLA 3D printer is shown in Fig. 3.1a, and a Fujifilm Dimatix 2800 series

inkjet printer is shown in Fig. 3.1b. Varies types of RF designs have been realized with

additive manufacturing process including antennas [43, 44], RFID sensors [45], system-

on-chip (SoC) packaging [46], wireless energy harvesters [47], etc. Inkjet printed RF com-

ponents have been demonstrated up to sub-terahertz frequencies on a variety of flexible

substrates including Kepton, paper, liquid polymer crystal (LCP), and polyethylene tereph-

thalate (PET). Inkjet printing technology can also be used to metallize or functionalize 3D

printed substrates. This section provides a review of additively manufactured RF devices.
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Table 3.2: Capabilities and Limitations of Various 3D Printing Technologies

Printing Technology Advantages Disadvantages

Fused Deposition Model-
ing (FDM) • Low Cost and widely available

• Wide range of available filaments for a variety
of properties and applications such as flexible,
conductive or thermal can be synthesized. [48]

• Easy to swap to different extruder for multi-
material printing [49]

• High surface roughness requires post-
processing, making it not suitable for high
frequency mmWave applications [50]

• Low resolution mainly limited by nozzle ex-
truder dimensions. Typical nozzle is generally
hundreds on microns meaning that the minimum
feature size must be higher than the nozzle diam-
eter [51]

• Low thermal tolerances based on the nature of
thermoplastics.

Stereolithography (SLA)

• High resolution, limited by the laser spot size
[52], widely available and low cost

• Low surface roughness on the order of 100s of
nanometers, making surfaces excellent for print-
ing conductive traces [53]

• DLP or LCD based SLA exposes patterns in a
single exposure allowing for quick fabrication.

• Materials must be UV or light curable or able to
be suspended in photopolymer resins, limiting
the types of materials used

• Cleaning and post-curing of SLA printed mate-
rials takes time.

Selective Laser Sintering
(SLS) • Lower material cost due to reusable powder ma-

terials

• No support structure is required thus suitable for
complex design

• Fast production rate due to high power laser

• Materials must be powder-based to be fused by
high power laser, limiting the choices of materi-
als

• Higher surface roughness because of the use of
powder materials
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(a) (b)

Figure 3.1: (a) Formlabs Form3 SLA 3D printing system [54] (b) Fujifilm Dimatix 2800
series inkjet printer [55].

3.2.1 Antennas

AM technologies such as inkjet printing allows direct deposition of conductive and di-

electric materials onto various substrates and surfaces. A great number of miniaturized

flexible antennas and antenna arrays have been demonstrate at mm-wave frequencies. [56]

presented a fully inkjet printed 24.5 GHz Yagi-Uda antenna with multi-layer configuration

(Fig. 3.2a). The antenna was realized on a LCP substrate with a novel microstrip-to-slotline

transition structure enabled by inkjet printed SU-8 dielectrdic layer. The realized prototype

demonstrated realized gain up to 8 dBi within the 24.5 GHz ISM band. [57] realized a

fully inkjet printed 5-element beamforming antenna array at 90 GHz with realized gain of

11.3 dBi. This is the first demonstration of additively manufactured microwave compo-

nent working at W-band. [58] presented a novel 3D printed Voronoi tessellated antenna

(Fig. 3.2b), which cannot be manufactured in any other manner. The metallization of the

antenna utilizes electroless copper plating to overcome the highly lossy nature of commonly

used 3D printed dielectric materials.
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(a) (b)

Figure 3.2: Additively manufactured antennas: (a) fully inkjet printed multi-layer Yagi-
Uda antenna [56] (b) 3D printed Voronoi inverted feed discone antenna [58].

3.2.2 System on Packages/Antennas

The combination of 3D printing and inkjet printing technologies has great potential of

introducing new and novel “smart” packaging designs that are difficult to implement us-

ing traditional technologies. Fig. 3.3 demonstrates a fully integrated 3D stacked module

enabled by the combination of inkjet and 3D printing techniques. 3D printable low-loss

polymer enables the realization of conformal substrates, through-package vias, smart en-

capsulates, microfluidic channels, as well as dielectric lenses. Inkjet printing technology

can deposit conductive materials onto the 3D surfaces directly to realize interconnects, cir-

cuits, and EMI shielding layers. By combining various AM technologies, 3D intergrated

designs with more complicated structures and functionalities can be realized in mm-wave

frequencies for both 5G and IoT modules.

Fig. 3.4a shows a completed System on Antenna (SoA) design [60] that has a cus-

tomized 3D printed antenna excited by integrated MMIC and inkjet printed feeding lines.

The SoA design is a combination of traditional SoC/SoP and 3D printed antennas, which

can provide the high intergration seen in SoC/SoP and high performance on-package anten-
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Figure 3.3: Schematic of a fully integrated 3D stacked module enabled by 3D printing and
inkjet printing techniques [59].

(a) (b)

Figure 3.4: Additively manufactured SoA and SoP: (a) Exploded view of the of a SoA
proof-of-concept topology, with the various components required [60]. (b) Flexible system
demonstrated layer by layer [61].

nas in a low-cost fashion. By embedding the ICs and circuits within the antenna, the entire

RF system can be integrated into one single structure, eliminating the need for flanges,

coax transitions, and cables so that the system size and losses can be reduced dramatically.

Complex system-on/in-package design shown in Fig. 3.4b with embedded energy harvester,

loading circuits, and antenna arrays can be realized in a flexible fashion [61]. This de-

sign utilizes non-planar interconnects across integrated circuits of various heights as well

as non-planar ramps for improved performance. The top of the structure contains inkjet

printed on-package antenna that convers 5G mm-wave band from 24.4 GHz to 30.1 GHz.
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The embedded energy harvester eliminates the requirements for external batteries or super

capacitors by collecting energy from the nearby 5G base stations. The integration of this

full system in a flexible package enables compact electronic devices that can be ideal can-

didates for the next stage of wearables where devices are integrated directly into the human

body.

3.2.3 RFID Sensors

Flexible and wearable RFID sensors are a promising driver for the next generation on-

body monitoring and testing solutions. Drop-on-demand (DOD) AM techniques such as

inkjet printing can play a key role in reducing the fabrication cost of wireless RFID sensors

with 10× to 1000× cost savings compared to traditional manufacturing processes. Various

printed RFID sensors have been reported in recent years for numerous applications includ-

ing temperature/humidity monitoring [62, 63, 64], haptic sensing [65], microfluidics [66,

67, 68], gas sensing [69, 70], etc.

[68] presented a fully inkjet printed chipless RFID tag with embedded microfluidic

channels (Fig. 3.5a, Fig. 3.5b). Three spiral resonators with different sizes were designed

to resonate at 3.4 GHz, 4.4 GHz, and 5.6 GHz. Microfluidic channels are placed in the spi-

ral’s gap between adjacent turns. By filling or removing the liquid in each channel, three

resonate frequencies can be configured independently, so the RFID sensor can be “en-

coded” with 3-bit information. [64] demonstrated a fully inkjet printed smart agriculture

RFID sensor on low-cost paper substrate (Fig. 3.5c). This sensor can detect soil moisture

as well as leaf wetness and transmit the readings with integrated microcontroller and an-

tenna. With inkjet printing process, the cost of the sensor has been kept remarkably low,

eliminating the need to collect the densely deployed sensors over vast fields.
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(a) (b)

(c)

Figure 3.5: Additively manufactured RFID sensors: (a) A photo of an all-inkjet-printed
microfluidic sensor[68]. (b) A 3D view of the printed microfluidic sensor [68]. (c) inkjet
printed sensor platform for agriculture application [64].

3.3 Summary

High-resolution AM techniques not only reduce fabrication time and cost, but also enable

the possibility of realizing novel RF design with irregular 2.5D/3D shape. Origami-inspired

structures can potentially be fabricated automatically with high-precision 3D printed flex-

ible substrate along with high-resolution inkjet printed conductive traces. However, it is

challenging to combine 3D printing with inkjet printing process because 3D printed sub-
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strates can demonstrate a relatively rough surface with periodic “hills” and “valleys” per-

pendicular to the printing plane. In addition, inkjet printed conductive traces need relatively

high sintering temperature which can damage many 3D printed substrates. Placing the sub-

strate at high temperature will dramatically reduce the substrates elasticity, causing the

substrate to break after several folds. Thus, a process needs to be developed to metallize

3D printed flexible substrate in order to realize additively manufactured mm-wave devices.

The next chapter will present a newly developed “hybrid printing” process that success-

fully combines 3D printing and inkjet printing techniques to fabricate origami-inspired RF

structures in exceptional accuracy. mm-Wave single-layer and multi-layer Miura-ori FSS

as well as two novel wireless pressure sensors will serve as examples of this hybrid printing

process.
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CHAPTER 4

HYBRID PRINTING PROCESS

As discussed in Chapter 2, one of the biggest challenges with many origami-inspired de-

signs is that they are utilizing paper as the substrate. While paper is ideal for realizing

proof of concept demonstrations, it is prone to absorbing moisture, tearing, and has signif-

icant dielectric losses. Moreover, the fabrication process of paper based origami designs is

usually labor intensive and can lack accuracy resulting from the manual cutting and fold-

ing. For these reasons, it is important to develop a new fully automated process that utilizes

durable and weather resistant materials to realize origami-inspired structures to fit the needs

in real-life and future mm-wave applications.

In this chapter, a new “hybrid printing” approach will be discussed that allows for the

fabrication of origami inspired electronics by utilizing flexible 3D printing and multi-layer

inkjet printing techniques. 3D printing allows the rapid design and fabrication of free-form

three dimensional (3D) objects with ease. Fully 3D printed flexible substrates eliminate

the requirement of folding and cutting and enables more complicated design elements such

as slots, round holes, etc. Meanwhile, fully automated high-accuracy fabrication method-

ologies can reduce the unit size, opening the potential for 5G and mm-wave applications.

Additive manufacturing technologies enable a wide degree of freedom for designers, al-

lowing limitless shape designs and wide sets of material thickness, ideal for applications

such as Miura-ori FSSs, absorbers, multi-layer FSSs, and curved FSS structures. Combin-

ing 3D printing with rapid and additive inkjet printing technique allows the deposition of a

wide variety of materials, including metals, dielectrics, and nano-materials onto 3D printed

non-flat surfaces with high resolution.

This chapter is organized as:

• The detailed procedure of hybrid printing process for shape-changing RF devices.
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• Hybrid printed origami-inspired single-layer and multi-layer mm-wave Miura-ori

FSSs.

• Hybrid printed pressure sensors.

4.1 Hybrid Printing Process For Shape-changing RF Devices

Figure 4.1: Schematic of the hybrid printing process to realize Miura-ori FSS.

The hybrid printing process contains three critical steps is shown in Fig. 4.1, which uses

a single layer Miura-ori FSS as an example:

• 3D print dielectric substrate.

• Inkjet print a thin SU-8 buffer layer to smooth out the substrate surface and improve

conductive layer adhesion.

• Inkjet print the conductive layers and sinter with a low temperature gradient process.
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Figure 4.2: Prototype of the single layer hybrid printed tunable Miura-ori FSS.

4.1.1 3D Printed Dielectric Substrate

The substrate structure is printed from a Stereolithography (SLA) 3D printer with flexi-

ble materials. SLA is an optical based 3D printing technology that uses laser or optical

projectors as the energy source to cure and solidify light sensitive photopolymer resins

layer-by-layer to realize complex 3D structures. The resolution is typically limited by the

source optics, thereby making it a superior candidate for mm-wave applications as com-

pared to other 3D printing technologies such as Fused Deposition Modeling (FDM) [54].

To date, commercialized SLA resins feature a wide variety of mechanical properties and RF

characteristics. The features of flexible elastomer resin make it an ideal origami substrate

replacement for paper. The utilized material to fabricate the prototype shown in Fig. 4.2

is Formlabs Flexible (FLGR02) photopolymer. This flexible material is a “rubber-like”

elastomer with tensile strength of 7.7 MPa to 8.5 MPa with 80 % elongation and 50 µm
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maximum resolution [54]. The characterized dielectric constant at 22 GHz is 2.78 with

loss tangent of 0.03.

The substrate is printed with 50 µm layer thickness, and post processed using Formlabs

wash and cure system. The wash process uses isopropyl alcohol to remove the extra resin

left on sample’s surface. The curing system has 405 nm LED lights and a heater to ensure

the best structure strength. The wash time used for Flexible resin is 15 min with 99 %

isopropyl alcohol, while the cure time is 20 min at 60 °C. With this wash-and-cure process,

3D printed substrates will have less chance of failure, smoother surfaces, more consistency,

and less electromagnetic losses due to improved cross-linking due to simultaneous thermal

and UV exposure curing.

4.1.2 Inkjet Printed Buffer Layers

With 50 µm high resolution 3D printing and optimized post processing, 3D printed sub-

strates can demonstrate a relatively smooth surface, but compared to the 0.8 µm thickness

of one layer of inkjet printed silver nanoparticle (SNP) conductor, the 3D printed substrate

still has a relatively rough surface in both parallel and perpendicular directions to the print-

Figure 4.3: Directions of the surface respect to the printing plane.
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(a)

(b)

Figure 4.4: Surface profile measurement results: (a)perpendicular to the printing line; (b)
Surface profile parallel to the printing line.
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Table 4.1:
Variance of the measured surface profile

Perpendicular Parallel
No SU-8 42.51 µm 26.54 µm

1 Layer SU-8 26.31 µm 8.12 µm

2 Layers SU-8 9.45 µm 3.24 µm

3 Layers SU-8 4.75 µm 0.78 µm

4 Layers SU-8 1.59 µm 0.66 µm

5 Layers SU-8 1.38 µm 0.49 µm

ing plane (Fig. 4.3 shows the directions of the surface respect to the printing plane). The

surface roughness variation can get up to 42.51 µm in the perpendicular direction to the

printing layers. Therefore, an inkjet printed SU-8 buffer layer is needed to reduce the sur-

face roughness [71, 72]. In order to minimize the thickness of the SU-8 layer to maintain

maximum substrate flexibility, a surface roughness test was performed using a KLA Tencor

Alpha-step D-100 stylus profilometer. The measured surface profile with different layers

of printed SU-8 in the direction that perpendicular to the 3D printing direction is shown

in Fig. 4.4a; the measured surface profile parallel to the 3D printing plane is shown in

Fig. 4.4b. From the surface profile measurement, without an SU-8 buffer layer, there are

periodic “hills” and “valleys” perpendicular to the printing plane. This is because SLA

3D printer will cure the photoresist resin layer-by-layer, thereby forming periodic micro-

structures shown in Fig. 4.3. The numerical values of the measured surface roughness

variation are shown in Table. 4.1. From the measurement results, the substrate surface

roughness has been dramatically improved by printed SU-8 buffer layers. After 4 layers of

inkjet printed SU-8, the surface will be smooth enough on both perpendicular and parallel

directions, thus, 4 layers of MicroChem SU-8 will be utilized in this process.
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(a) (b)

Figure 4.5: (a) Contact angle of silver nanoparticle ink before UV-Ozone treatment (b)
contact angle of silver nanoparticle ink after UV-Ozone treatment.

4.1.3 Inkjet Printed Conductor Patterns

The conductor patterns can be inkjet printed with conductive inks such as SunChemical

EMD5730 silver nanoparticle (SNP). The inkjet printer used to fabricate the prototype

shown in Fig. 4.2 was Fujifilm Dimatix 2800 with 20 µm drop spacing (1270 dpi). Mean-

while, to improve the SNP ink wettability and adhesion without losing too much resolution,

90 s of ultraviolet (UV) ozone (O3) treatment is adopted before printing the conductive SNP

traces [73]. The contact angle of the silver nanoparticle ink on the smoothed SU-8 surface

decreases from 46° to 29° as shown in Fig.4.5.

There are two challenges to print the conductors. Firstly, as the conductor is printed on

a 3D substrate with a 2D pattern, the actual drop spacing density or drops per inch (DPI)

will be compromised on 3D slopes. The reason is that fixed printing nozzles are usually

parallel to a 2D flat substrate instead of a 3D substrate, meaning that the 2D pattern is

projected onto the 3D shape. For a 3D substrate, the printing area is a ramp that is not

parallel to the fixed printing nozzles. In this situation, the actual printed 3D trace is longer

than the 2D length of the pattern, which will cause a DPI loss by a factor of sin(θ) (θ is the

angle between printing head and substrate). For example, the printed sample in Fig. 4.2 has

a ramp with 35° maximum angle, so at least 20 % more layers are needed to compensate
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(a) (b)

Figure 4.6: Comparison of sintering process: (a) high temperature sintering (b) low tem-
perature gradient sintering.

the resolution losses. With a series of testing, 6 layers of silver printing is adopted for this

design.

The second challenge is the fact that SNP inks need relatively high temperature sinter-

ing, typically above 180 °C for the best conductivity and adhesion, but the high temperature

often damages many 3D printed substrates. Placing the substrate at 150 °C for 30 min will

dramatically reduce the substrates elasticity, causing the substrate to break after several

folds. Additionally, the substrate will shrink under high temperatures leading to cracks on

metallic traces that create discontinuities (Fig. 4.6a). To solve this problem, a low temper-

ature gradient sintering process is developed. After SNP printing, the sample was placed

on a hot plate ramping from room temperature to 90 °C with 150 °C/h temperature ramp,

and hold at 90 °C for 30 min to dry the pattern completely. Then, the temperature is in-

creased from 90 °C to 120 °C with 150 °C/h ramp, and hold at 120 °C for 30 min to sinter

the pattern without breaking the substrate. Finally, the hot plate was turned off so as to let

the sample slowly cool down to room temperature to avoid deformation caused by sudden

temperature change.
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With this low temperature gradient sintering process, the conductor quality is greatly

improved and the realized conductor trace shows a conformal and smooth surface (Fig. 4.6b)

on a curved 3D substrate. The measured sheet resistance using four-point probe test method

is 0.02 Ω/sq which is identical to the high temperature sintering results on a heat stabilized

substrate.

4.2 Hybrid Printed Origami-inspired reconfigurable FSS

4.2.1 Single Layer Miura-ori FSS

(a) (b)

Figure 4.7: Single layer Miura-ori element: (a) an optimized Miura element with l1=5 mm,
l2=7 mm, θ = 110°, wc=1 mm, lc=6 mm, substrate thickness=0.8 mm; (b) 3D printed Miura
element with stress release structures.

Design

The design of a single layer Miura-ori FSS element is shown in Fig. 4.7a and Fig. 4.7b.

The size of each element is reduced dramatically to 7 mm×5 mm compared to previous re-

search [74] that uses a element with the size of approximately 20 mm×20 mm. The reduced
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size and thicker substrate make it especially challenging to produce a foldable Miura-ori

FSS because the bending force applied on each foldline may break the substrate as well as

the conductor traces. For example, the intersection of the foldlines will have stresses from

three different directions applied on this single point; the substrate may break from this

point during folding. In this design, a stress release hole (Fig. 4.7b) with 0.4 mm radius is

introduced to each foldline intersection to release the applied stresses. However, even with

optimized low temperature sintering process for the conductor traces, crack under strong

bending stress may still occur. To enable more folding spaces, two slots are introduced by

the edge of each conductor to form a “bridge-like” structure (Fig. 4.7b). The “bridge-like”

structure can transform bending stress to rotating stress, which will improve the overall

flexibility for each trace [74]. Moreover, every sharp edge on the bridge-like structures are

smoothed to a 2mm radius round transition that will further increase the flexibility of the

conductors. The designed folding range is from θ=110° to θ=60°.

Figure 4.8: Measurement setup with frame and holder.
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Simulation and Measurement

This Miura-ori FSS was designed and simulated in Ansys Electronics Desktop with HFSS

design. The simulation setup uses master and slave boundaries along with Floquet port

excitations. This environment will simulate the FSS as infinitely large but only needs one

element, dramatically reducing the simulation time. The simulated results were verified on

a bistatic measurement setup shown in Fig. 4.8. Two boardband horn antennas are placed

in the line of sight to each other with the Miura FSS placed in the middle. A 3D printed

frame and laser cut acrylic holder was made to compress and rotate the sample.

The simulated and measured insertion loss of the single layer Miura-ori FSS with re-

spect to different angle of incidence (AoI) is shown in Fig. 4.9a. The −10 dB bandwidth

increase significantly from 14 % to 29 % by the increased AoI from 0° to 60°. The band-

width change is caused by increased equivalent circuit terminal resistance RA with larger

angles of incidence η, the function of RA respect to η is shown in (4.1). Note that Z is

the intrinsic impedance for 3D printed material, Dx, Dz is FSS element spacing along x

and z axis, ∆l is the transmitted power. As shown in (4.2), the reflection coefficient Γ will

increase withRA, which will boost the insertion loss that results in an improved percentage

bandwidth [75].

RA =
Z

2DxDz

∆2
l

cos(η)
∼ 1

cos(η)
(4.1)

|Γ| =
∣∣∣∣ −1

1 + jXA/RA

∣∣∣∣ (4.2)

The simulated and measured insertion loss of the Miura FSS for different folding angles

(θ=110°, 90°, 80°, 60° are shown in Fig.4.9b. From this figure, it is clear that resonant

frequency shifts higher as the folding angle decreases. The frequency shift is caused by re-

duced effective conductor length due to the folding. The measured frequency shift matches
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(a)

(b)

Figure 4.9: Simulation and measurement results: (a) frequency response of single layer
M-FSS(θ=110°) for different values of angle of incidence; (b) frequency response with
different values of folding angle θ.
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Table 4.2:
Equivalent inductance of the single layerMiura FSS

Resonate Frequency Inductance
θ=110◦ 21.6 GHz 2.71 nH

θ=90◦ 22.6 GHz 2.48 nH

θ=80◦ 23.3 GHz 2.33 nH

θ=60◦ 24.9 GHz 2.04 nH

closely to the simulated results, but the measured value of insertion loss decreases with

smaller folding angles. This is because the simulation considers FSS as infinitely large, so

unfolded 10× 8 Miura FSS (50 mm×60 mm) will cover the whole antenna aperture which

can be considered as infinity large. Nevertheless, the size of folded 10 × 8 Miura FSS

will reduce to 50 mm×7 mm (θ=60°) which cannot cover the entire illuminating antenna

beamwidth anymore. The finite FSS introduces edge currents which lead to leakage that

reduces insertion loss [76]. The tested 10 × 8 Miura FSS substrate is the largest printable

size for the utilized 3D printer.

Equivalent Circuit

Figure 4.10: Equivalent circuit of the FSS.
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In the periodic dipole array FSS, the conductive elements are inductors while the gaps

are associated with the series capacitors [75]. So the Miura FSS can be equivalent to a

series LC circuit as shown in Fig. 4.10. When the Miura FSS is compressed, the length of

the effective conductor will decrease, thus cause the inductance change. The inductance

can be calculated by (4.3). The inductance value respect to the folding angle is shown in

Table. 4.2, the values are derived and verified in Keysight Advanced Design System (ADS)

2017.

Leq =
1

Ceq(2πf)2
(4.3)

4.2.2 Multi-layer Miura FSS

Previously reported single-layer origami-inspired FSSs under 15 GHz have shown a very

good frequency range tunability and S21 performance [12]. However, at higher mm-wave

frequencies, the physical size of the FSS structure will be dramatically reduced due to

the much shorter wavelength. For example, the size of a 30 GHz unit cell will be 75 %

smaller compared to that of a 15 GHz unit cell. The mm-wave single-layer origami FSS

discussed in the previous subsection has shown a significant performance degradation when

measuring the folded sample. This is because the effective area of the folded mm-wave

sample with smaller size can not cover the entire beamwidth of the excitation antennas

during the measurement, thus leading to leakage that reduces the insertion loss.

Additionally, single-layer FSS structures have drawbacks of poor selectivity and narrow

bandwidth. Thus, this paper introduces multi-layer Miura-ori FSS configurations. Multi-

layer configurations have more tunability and better bandwidth performance. While pre-

vious research on multi-layer Miura FSS is based on paper [12], to connect two piece of

papers together, it requires manual alignment that will reduces accuracy. Further more,

multi-layer Miura-ori FSS adds more stress to the fold line, paper-based two piece sub-

strates can easily break or misalign from the connecting point. 3D printed multi-layer
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Miura FSS can be made with a one piece substrate utilizes durable and flexible material.

Combining with inkjet printing technique, 3D printed multi-layer Miura FSS has more

potential applications such as ultra-wideband design, microfluidic implementation, multi-

frequency, etc.

(a) (b)

Figure 4.11: Multi-layer Miura-ori element: (a) a mirror stacked Miura unit with l1=5 mm,
l2=7 mm, θ = 110°, wc=1 mm, lc=6 mm, substrate thickness=0.7 mm; (b) 3D printed Miura
unit with stress release design.

Design

To improve the performance of origami-based FSS at mm-wave frequencies, we can take

the advantages of the hybrid printing process to realize a novel mirror-stacked multi-layer

Miura-ori FSS design. The element design shown in Fig. 4.11a consists of a single piece

3D printed substrate with two Miura sheets being stacked, and dipole conductive traces on

both top and bottom. The multi-layer configuration doubles the density of the conductive

elements, resulting in a larger effective area that improves the insertion loss performance

over single-layer designs. The element is designed to take full advantage of 3D printing

technology which enables more complicated design elements such as slots, holes, hollows,

etc. The stress release slots shown in Fig. 4.11b form a “bridge-like” structure that reduces

the bending stress applied to the conductors when folding the substrate. The stress release
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Figure 4.12: Fabricated mirror-stack multi-layer M-FSS.

holes with 0.4 mm radius reduce the mechanical stress on the intersection of foldlines.

This multi-layer design has same 7 mm×5 mm size as the single layer counterpart, but has

a thinner 0.7 mm substrate to improve the flexibility. The fabricated 10 × 8 prototype is

shown in Fig. 4.12. SLA 3D printing technology enables the fabrication of complex sub-

strate structures in high precision. The conductive traces kept enhanced alignment during

folding because the interlayer alignment being dramatically improved compared to previ-

ous work [12].
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Figure 4.13: Frequency response of multi-layer M-FSS(θ=110◦) for different values of
angle of incidence .

Simulation and Measurement

The multi-layer prototype was simulated and measured with the same set up used in single

layer design. The simulated and measured insertion loss with respect to different angle of

incidence (AoI) is shown in Fig. 4.13. The multi-layer Miura FSS has a multiple-resonance

behaviour due to the stacked structure to realize a much broader bandwidth with up to

47 % increasement. The bandwidth can be further tuned by changing the AoI (Table. 4.3).

However, the interlayer distance ∆h in the mirror configuration will change with AoI,

which can lead to a poor interlayer coupling at higher values of AoI, so we get unstable

AoI rejection in Fig. 4.13 above 50°.

The simulated and measured frequency response of the mirror-stacked multi-layer FSS

for different folding angles θ are shown in Fig. 4.14. The resonant frequency can be

tuned from 22.4 GHz to 26.1 GHz by changing the folding angle θ from 110° to 60°. The
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Table 4.3:
Bandwidth Comparison Between Single and Multi-layer M-FSS

Single Layer BW Multi-layer BW
AoI=0◦ 13.9 % 19.5 %

AoI=50◦ 19.0 % 22.8 %

AoI=60◦ 28.8 % 33.9 %

Figure 4.14: Frequency response with different values of folding angle θ.

frequency shift is caused by the reduced equivalent conductor length during folding, which

in turn increases the resonant frequency. A performance comparison between multi-layer

and single-layer mm-wave Miura FSS is shown in Table 4.4. The multi-layer configurations

shows up to 12 dB better insertion loss performance, especially for lower θ values, and

wider frequency tunable range thanks to the improved conductor density.

4.3 Hybrid Printed Pressure Sensors

Wireless sensor network (WSN) is an emerging technology that utilizes wirelessly con-

nected sensor nodes to collect and monitor the surrounding environment. One of the key
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Table 4.4:
Insertion Loss Performance Comparison Between Single-layer and Multi-layer Designs.

Single Layer Multi-layer
S21:θ=110◦ −25 dB −28 dB

S21:θ=90◦ −22 dB −23 dB

S21:θ=80◦ −25 dB −28 dB

S21:θ=60◦ −13 dB −25 dB

Tunable Range 11.7 % 15.7 %

challenges of realizing WSN is the lack of sustainable power supplies to enable consistent

data readings over a long period of time without maintenance [77]. A promising solution is

to use passive sensors along with chipless radio frequency identification (RFID) technolo-

gies to eliminate the need for a power source. Chipless RFID can be realized with multiple

resonators, microfluidic channels, variant modulations, etc. However, it is challenging to

design passive sensors especially pressure sensors that can cooperate with chipless RFID

transmitters.

Pressure sensor plays an essential role in detecting force, strain, and displacement.

Among various sensors, conventional pressure sensors use capacitors or piezoelectric that

requires biasing and modulation circuits with a power source. Flexible passive RFID sen-

sors enabled by the hybrid printing process can relate real-world physical properties such as

force, strain, pressure, and displacement to resonant frequency shifts, realizing a simplified,

lower cost, and more robust design.

4.3.1 Hybrid Printed Planar Pressure Sensor Using Metamaterial Absorber

Fig. 4.15 shows the design of the hybrid printed planar pressure sensor enabled by a meta-

material absorber. The one-piece 3D printed flexible substrate has a “sandwich” structure

with a planar sensing area on top, a ground plane on the bottom, and a series of tunable

hinge structures in the middle. The planar sensing area consists of an array of inkjet-

printed metamaterial waveguide elements sitting on inkjet-printed SU-8 dielectric buffer
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(a) (b)

(c)

Figure 4.15: Design of the hybrid printed metamaertial-enabled pressure sensor: (a) per-
spective view; (b) top view; (c) side view.

layer. When applying pressure on top of the sensing area, the origami-inspired hinge will

deform, changing the metamaterial waveguide’s height and shifting the resonate frequency.

The mechanical performance of this sensor was simulated in COMSOL Multiphysics

by applying forces on top of the metamaterial structure. The material properties were

set as 5.6 MPa Youngs modulus and 0.45 Poissons ratio. As shown in Fig. 4.16, 45 N

compressive force is required in this design to increase the compression length from 0 mm

to 1 mm. The electromagnetic performance of the sensor was simulated in ANSYS HFSS

and measured with INSTRON 5569 compression electromechanical device. The simulated

and measured reflection coefficient is shown in Fig. 4.17. In the initial state, the pressure

sensor resonates at 5.2 GHz with a 16 dB reflection coefficient. When the height was varied

from 5.9 mm to 6.5 mm, the resonant frequency increased from 5.20 GHz to 5.66 GHz,

resulting in a 20 MHz/N sensitivity.

This pressure sensor can be used as passive nodes in WSN and get the readings by

measuring the reflected signal. The size of the sensor is expandable (ideally to infinitesize)

to be deployed in a larger area. In addition, by tuning the thickness of the origami-inspired
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Figure 4.16: COMSOL simulation results of the hybrid printed metamaertial-enabled pres-
sure sensor.

Figure 4.17: Simulated and measured frequency response of the hybrid printed
metamaertial-enabled pressure sensor.
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hinge structure, the stiffness of the sensor can be changed. Thus, the sensor sensitivity can

be easily tuned to fulfill the needs for more application scenarios.

4.3.2 Hybrid Printed Planar Pressure Sensor Using Substrate Integrated Waveguide (SIW)

Technology

The hybrid printed metamaterial-based planar pressure sensor has shown excellent sensitiv-

ity for large area pressure sensing applications. However, it is challenging for metamaterial-

based structures to be miniaturized for small area pressure sensing. Therefore, a substrate

integrated waveguide (SIW)-based pressure sensor for small contact area applications is de-

signed. The schematic and fabricated sample of the pressure sensor is shown in Fig. 4.18. It

consists of inkjet-printed conductive SIW cavity pattern and a 3D printed flexible substrate.

At the center of the substrate, there is a cylindrical cavity which is filled with a 3D printed

mesh structure to tune the stiffness of the cavity. When pressure is applied on top of the

SIW cavity resonator, the 3D printed mesh structure compresses resulting in a change in

effective permittivity and resonant frequency of the SIW cavity resonator.

The structure was simulated in COMSOL Multiphysics to evaluate the mechanical per-

formances. With added 0 kPa to 2.4 kPa pressure, the height change increased from 0 mm

to 1.52 mm. The measurement result is shown in Fig. 4.19. As the height change increased

from 0.29 mm to 1.5 mm, the resonant shifted from 4.21 GHz to 3.79 GHz, respectively,

resulting in a sensitivity of 244 MHz/kPa. The results showed good linearity and sen-

sitivity for a passive pressure sensor design with good frequency response stability over

100 repeats. By changing the density of the mesh structure, the stiffness and sensitivity of

sensor can be easily tuned based on the actual need. Along with the metamaterial-based

design, the hybrid printed pressure sensor can find their applicable scenarios for both large

area and small area pressure/strain sensing applications.
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Figure 4.18: Design of the hybrid printed SIW cavity pressure sensor in perspective view.

Figure 4.19: Measured frequency response of the hybrid printed SIW cavity pressure sen-
sor.
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CHAPTER 5

3D PRINTED “KIRIGAMI”-INSPIRED DEPLOYABLE BI-FOCAL

BEAM-SCANNING DIELECTRIC REFLECTARRAY

5.1 Introduction

High performance antennas are critically important in modern wireless applications such

as 5G communications, satellite communications, long-range RFID, remote sensing, etc.

As discussed in Chapter 2, to date, there’s no origami-inspired antenna that can reach mm-

wave frequency and have performance that is comparable to modern antenna arrays.

Parabolic reflectors and phased arrays are two of the most commonly used topolo-

gies for applications requiring narrow beams and high-gain antenna systems. However,

parabolic reflectors are bulky, expensive and hard to fabricate especially above mm-wave

frequencies due to their curved profile. Although phased arrays typically require individual

tunable phase shifters, power amplifiers and complex feeding networks that dramatically

increase their cost and difficulty of design, they feature significant additional beam steering

capabilities. Reflectarray antennas combine some of the best features of both parabolic

reflectors and phased array antennas, with the advantage of planar profile, relatively low-

cost, ease of fabrication and can realize wide scan angles without any active components

and feeding networks [78]. Additionally, planar reflectarray antennas can be transformed

to foldable designs utilizing origami-inspired structures [79], membrane [80], or inter-PCB

hinges [81], making reflectarray antennas ideal for satellite communication systems. In

order to achieve a dynamic radiation pattern with a reflectarray antenna, mechanical tuning

techniques can be utilized by rotating the feed source [82, 83]. In recent years, bi-focal

design has proven to be an efficient method to improve the reflectarray scanning range [84,

85, 86].
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One of the most significant challenges for mm-wave and terahertz reflectarrays is to

reduce conductor losses caused by the metallic phase-shifting elements [87]. In recent

years, significant work has been undertaken on dielectric reflectarrays, eliminating conduc-

tor losses by replacing the metallic phase shifters with high-dielectric phase delay struc-

tures. The phase delay can be tuned by changing the height of each element [88, 89, 90,

91, 92] or changing the effective permittivity of each area [93, 94]. Dielectric reflectarrays

have demonstrated several advantages over traditional PCB-based reflectarrays: (1) elimi-

nate conductor losses in the metallic resonant patch elements; (2) much wider bandwidth as

dielectric structures are generally not frequency selective; (3) low cost and ease of fabrica-

tion by utilizing 3D printing and molding processes. However, most dielectric reflectarrays

are using a solid block as a element and they are fabricated with rigid materials effectively

eliminating the use of current deployable reflectarray techniques, thus, preventing them

from being able to transform to portable designs. As a result, current dielectric reflectar-

rays occupy significantly more volume than traditional microstrip reflectarrays. The lack

of deployability and retractability limit the applicable scenarios for dielectric reflectarrays

extensively.

In this chapter, a novel “kirigami” inspired dielectric reflectarray is presented featuring

high gain, wide bandwidth, beam-scanning ability, and deployability. This antenna features

a bi-focal design with beam-scanning ability of −10° to −30° and 10° to 30° enabled by

a phase optimization method. The deployable element structure was characterized and

simulated to analyse the mechanical performance as well. The prototype was fabricated

with a new stereolithography (SLA) 3D printable material Formlabs Flexible 80A with

much better durability. A thorough characterization for this material was performed from

26 GHz to 40 GHz.
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Figure 5.1: Element design: (a) deployed structure and top-view of one element; (b) folded
structure and a detailed schematic of the ground plane retraction mechanism.

5.2 Element Design and Analysis

5.2.1 Mechanical Design

To realize a deployable dielectric reflectarray with minimum folded volume, we present

a novel “snapping-like” structure inspired by a variation of origami involving cut sections

called kirigami [95], as well as monolithic mechanical metamaterials [96]. To ensure an ac-

curate phase-shifting response and geometry placement for reflectarray design, the element

will be designed, simulated, and fabricated in a “deployed” configuration.

The element design is shown in Fig. 8.2a that consists of two segments: a snapping
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segment and a bearing segment, forming a bi-stable mechanism. The structure is designed

to be actuated with a electric motor, or a mechanical switch. The phase of the reflected

wave is controlled by varying the height h of the element, while each element will have

the same cross-section dimensions. The dimensions of the element are defined by four

lengths l1, l2, l3, l4; three dielectric thicknesses t1, t2, t3 and two angles: α, β. Another

advantage of the proposed design, as compared to a rhomboid structure, is that it minimizes

the total width w variation across retracted and deployed states, resulting in a Poisson ratio

close to zero. This means that the reflectarray will not expand or contract along the X axis

during deployment and operation. This is primarily due to angle α and length l1 that create

a triangle-shaped hinge which allows the snapping segment to “snap” onto the bearing

segment. The bottom cut-out with depth l4 as shown in Fig. 5.1b is to facilitate a foldable

ground plane underneath the reflectarray. The dimensions of the element are chosen as: l1

= 1mm, l2 = 2.9mm, l3 = 1mm, l4 = 2mm, α = 82◦, β = 160◦, t1 = 0.6mm, t2 = 1.2mm, t3

= 1.7mm, w = 8.11mm, l = 7.35mm, to display good foldability while maintaining an area

less than 1λ2 to ensure an accurate phase distribution.

The material utilized in this design is Formlabs Flexible 80A, a photopolymer with

better printability and durability than the previous [97] Flexible FLGR02. This flexible

material is a “rubber-like” elastomer with Young’s modulus of 4.4 MPa. The material is

simulated based on 80A durometer rubber with Poisson’s ratio of 0.45. The structure is

simulated and optimized in Abaqus CAE 2019 with finite element method (FEM) solver.

The mechanical response of the structure is shown in Fig. 5.2a. The displacement is defined

as the distance of the snapping segment travelled alone z-axis when pressure applied on top

of it. The color on the 3D structure indicates the Von Mises stress distribution with red

color showing the areas with the highest stress. When applying pressure to the deployed

structure from the top of the snapping segment, initially, the displacement versus force is

linear. When pressure reaches 0.83N/M2 the snapping segment will rapidly conform to the

bearing segment, and the structure will reach it’s second stable “Retracted” state. Generally,
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Figure 5.2: Mechanical simulation results: (a) Force versus Displacement, from “De-
ployed” stage to “Retracted” stage; (b) maximum element height versus geometry parame-
ters t1, t2, t3 sweep around the design baseline values.
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the stiffness of the element structure is controlled by t1 and t2; for smaller values of t1 and

t2, lower values of external forces will be needed to retract the structure but if the t1 and

t2 are too small, the printability will be reduced. Fig. 5.2b shows how large the element

height h needs to be to cover the full 360° phase shift when sweeping the values of t1, t2,

and t3 from −60 % to 60 % away from the baseline used for the design. When decreasing

the value of t1, t2, or t3, the dielectric density of the element will be reduced, thus, decrease

the effective dielectric constant, additional height h will be required for the same amount

of phase delay. For larger values of angle α, the snapping segment will tend to lock onto

the bearing segment more securely; while for vary small values of angle α, the structure

can “pop-up” automatically when the external forces are removed.

5.2.2 RF Design
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Figure 5.3: Formlabs Flexible80A Material Characterization Results: dielectric constant
versus frequency (top); loss tangent versus frequency (bottom)
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The Formlabs Flexible80A material is characterized using Nicolson-Ross-Weir (NRW)

methodology with 3D printed WR28 waveguide samples and A-INFO 28CLKA2 waveg-

uide calibration kit. The characterization results is shown in Fig. 5.3, the dielectric constant

at 30 GHz is 2.763 with loss tangent of 0.042.

The element with dimensions discussed in the previous section is designed and simu-

lated in CST Studio Suite 2019 frequency domain solver with unit cell boundary conditions

and Floquet port excitation. The phase delay of one element can be tuned by varying the

height h (Fig. 5.1a). The simulated phase response and reflection coefficient with respect

to different angle of incidence (AoI) is shown Fig. 5.4 and Fig. 5.5. The phase fluctuations

in Fig. 5.4 are caused by the combination of incident and reflected waves. A full 360◦

phase shift can be obtained by changing the element height h from 8.00 mm to 29.87 mm

when AoI = 0◦. The simulation data is processed with a linear interpolative curve fitting

algorithm to ensure any desired phase value can be matched with a precise element height.

It can be ovserved in Fig. 5.4, the phase response of the dielectric element will be changed

under different oblique incident angles, introducing phase errors to the design. Thus, it is

critical to optimize the phase distribution efficiently to realize wide beam-scanning abilities

and minimize the array’s overall phase error with the optimization process to be discussed

in the following section.

5.3 Reflectarray Design, Fabrication and Measurement

5.3.1 Reflectarray Design

Bi-focal Phase Distribution

To achieve a reconfigurable radiation pattern for a reflectarray antenna, various beam-

scanning methodologies can be utilized. One common approach is by introducing active

components e.g., use RF diodes/switches to turn the element on and off [98, 99], use elec-

tric motors to tune the phase response of each element [100, 101], or use tunable loading
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materials such as graphite [102], fluids [103], etc. The active tuning approach can be fast,

accurate and achieves a wide range of scanning angles. However, the active components

can be bulky, expensive and require a complex feeding circuit. As a result, the reflectarray

can be unreliable, difficult to fabricate, and occupy a significant larger volume. Another

approach to achieve reconfigurable pattern is by rotating the excitation antenna [82, 83,

84]. In contrast, no active component is required so the design can be low-cost, easy to

fabricate, and maintain a constant volume.
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Figure 5.6: Schematic of the bi-focal beam scanning reflectarray setup.
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In this design, a well-studied bi-focal method [84] is utilized to realize a wide beam

scanning range with uniform gain response across different scanning angles when rotate the

feed horn antenna from point A to point B as shown in Fig. 5.6. Two yz-plane symmetrical

feed horn antenna positions define the two focal points for the reflectarray. The ideal phase

shifting value of the ith element φ(xi, yi) at any given position (xi, yi) with respect to feed

horn antenna A or B can be calculated by (5.1) and (5.2).

φ(xi, yi)
A/B = k0(d

A/B
i − (xicos(ϕ

A/B
b ) + yisin(ϕ

A/B
b ))sin(θ

A/B
b )) (5.1)

d
A/B
i =

√
(xi − hA/Ba sin(θ

A/B
b ))2 + y2i + (h

A/B
a cos(θ

A/B
b ))2 (5.2)

where k0 is the propagation constant in vacuum at the center frequency of the design; di

is the distance between feed horn A/B phase center and element i; ϕb is the azimuth angle

of the main beam with respect to x-axis and θb is the elevation angle of the main beam with

respect to z-axis. To simplify the problem, we set ϕA/Bb = 0◦. In this design, we choose θAb

= -30◦, θBb = 30◦, hAa = hBa = 240mm. The ideal phase response can be written as

φ(xi, yi)
A = k0(d

A
i − xisin(θAb )) (5.3)

φ(xi, yi)
B = k0(d

B
i − xisin(θBb )) (5.4)

For bi-focal reflectarray design, the required phase for ith element will be an averaged

value of the ideal phases

φ(xi, yi) =
φ(xi, yi)

A + φ(xi, yi)
B

2
(5.5)
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Figure 5.7: Schematic of the phase optimization program.

Phase Optimization

As discussed in Section II, the phase response of every individual dielectric element will

change significantly depending on the AoI value. Typically, the reflectarray is designed

based on the AoI =0° simulation results. Thus, significant phase error will be introduced

as the feed horn antenna rotates, and the performance of the reflectarray will be compro-

mised. To alleviate this issue, the optimization algorithm shown in Fig. 5.7 is developed to

minimize the overall phase error.

The initial reflectarray design with the appropriate element heights relies on the “ideal”

phase distribution calculated by (5); then a compensating fixed phase offset φo is added to

all elements. With this added phase offset, the height distribution of the array calculated

by Fig. 5.4 for θ =0° will be different from the design without a phase offset. Next,

we evaluate the realized phase distribution calculated by Fig. 5.4 under different incident
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Figure 5.8: Output of the phase optimization program: lowest phase error at 333° offset.

angles, and compare this realized phase distribution with the ideal case calculated by (5),

thus, we can obtain the averaged phase error for a certain phase offset φo. By repeating the

process for φo values increasing by 1° over the range of 0° to 360°, the φo value featuring

the minimum amount of averaged phase error over all different elements with respect to

the ideal phase distribution can be identified, thus defining the corresponding compensated

phase distribution and height distribution.

In this work, a 118mm × 118mm array with 14 × 16 elements is presented. The

dimension of this design is limited by the size of 3D printer’s build plate, 3D printers with

larger printable dimension are commercially available for larger array design. The utilized

excitation is A-INFO LB-180400-20-C-KF wideband horn antenna. The CAD model of the

excitation was imported to CST Studio Suite 2019 for the full-wave simulation to evaluate

the performance of the dielectric reflectarray. The output of the optimizer is shown in

Fig. 5.8, and performance comparison between optimized phase offset and other offset

values is shown in Table 5.1, the phase distribution calculated by (5) is shown in Fig. 5.9a,
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Table 5.1: Performance Comparison of Different Phase Offset

Phase Offset 333deg (best) 150deg 67deg (worst)

Gain@10deg 24.9dBi 23.3dBi 18.9dBi

SLL@10deg -20.17dB -17.34dB -15.43dB

Gain@30deg 25.0dBi 24.3dBi 20.4dBi

SLL@30deg -18.5dB -16.33dB -13.44dB

Figure 5.9: (a) Phase distribution of the bi-focal reflectarray; (b) Element height distribu-
tion of the bi-focal reflectarray.

and the height distribution calculated according to Fig.5.4 θ =0° is shown in Fig. 5.9b.

5.3.2 Fabrication

The prototype is fabricated with Formlabs Form 3 3D printing system. The photosensi-

tive resin Flexible80A is commercially available with consistent material properties. The

prototype is printed flat to avoid internal support structures with ground plane side facing

build plate. 50µm layer thickness is utilized during the printing and a wash-and-cure post

processing is proceeded after the printing. SLA 3D printed samples generally have uncured

leftover resin, hence a 10 minutes wash in 91% isopropyl alcohol is utilized to remove the

extra resin to ensure improved accuracy and surface smoothness. Thereafter the washed

sample will be cured under 60◦C with 405nm LED lights for 30 minutes to maximize

cross-linking of the photopolymer, optimize structural properties, increase consistency and
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reduce electromagnetic losses.

(a)

(b)

Figure 5.10: Fabricated sample: (a) fully deployed sample (front side); (b) fully retracted
sample (back side).

A fabricated sample is shown in Fig. 5.10a, and a fully retracted sample is shown in

Fig. 5.10b. The fabricated dielectric reflectarray is held by a 3D printed frame, the re-

tracted array can be deployed in “one-shot” with a mechanical switch. The retracted array

demonstrates a 65% volume reduction in comparison with the fully deployed state.
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5.3.3 Simulation and Measurement Results

The measurement setup for the beam-scanning dielectric reflectarray is shown in Fig. 8.7.

The reflectarray is held by a 3D printed frame with a rotatable arm to tune the scanning

angle. Two A-INFO LB-180400-20-C-KF wideband horn antennas are utilized as the ex-

citation and receiver. The distance between the reflectarray and the receiver is 1.70 meters.

Figure 5.11: Measurement setup.

The simulated and measured realized gain versus scan angles is shown in Fig. 5.12a.

The simulation and measurement data show good matching, the optimized bi-focal design

shows controlled gain variation behaviour with less than 1dB. The broadside beam (0 scan

angle) is not studied due to the aperture blockage effects from the feed antenna. The mea-

sured realized gain versus frequency is shown in Fig. 5.12b.

Fig. 5.13 shows the simulated and measured radiation patterns across −10° to −30°

scan angles with 10° resolution. Fig. 5.14 shows the simulated and measured radiation pat-

terns across 10° to 30° scan angles with 10° resolution. The optimized bifocal reflectarray

shows stable gain pattern and a good side lobe level (SLL) response. The SLL in simu-

lation varies from -20.8dB to -17.68dB, while the measured SLL varies from -19.46dB to
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Figure 5.12: (a) Simulated and measured realized gain versus scanning angle at 30 GHz;
(b) measured realized gain versus frequency at different scanning angles.

-17.32dB. The SLL performance is mainly impacted by the 3D printer’s resolution and ac-

curacy. The photopolymer tends to be over-cured with long tube-shaped structures, causing

the printed sidewall to be thicker than intended. Additionally, the long RF cable used during

the measurement may impact the VNA’s effective dynamic range that causes SLL discrep-

ancy. Despite the slightly increased SLL, the measurement result show a close agreement

with the simulation.

The realized gain, SLL, beamwidth, and bandwidth versus scan angles is summarized

in Table 5.2. The prototype shows promising and consistent performance across the entire

beam scan range.

The measured performance of the dielectric reflectarray design presented in this article

is compared with state-of-art reflectarrays at similar frequency ranges is shown in Table
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Figure 5.13: Measured and Simulated radiation patterns at 30 GHz with scan angles from
−10° to −30°.
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Figure 5.14: Measured and Simulated radiation patterns at 30 GHz with scan angles from
10° to 30°.

5.3. While the proposed design demonstrates widest bandwidth with good radiation per-

formance. The aperture efficiency drop is mainly caused by the dielectric losses from the
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Table 5.2: Summary of The Measurement Results @30 GHz

Scan Angle (deg) -30 -20 -10 10 20 30

Realized Gain (dBi) 24.9 25.5 24.7 24.6 25.7 24.7

SLL (dB) -19.46 -17.32 -18.22 -19.39 -17.77 -18.39

3dB Beamwidth (deg) 6.1 6.4 7.2 7.1 6.2 5.9

1dB Bandwidth (%) 25.4 21.4 18.7 17.5 21.8 25.2

Table 5.3: State-of-the-art Comparison

Design [93] [90] [91] [84] This Work

Frequency 35GHz 30GHz 31GHz 32GHz 30GHz

Size 153.9λ2 144.0λ2 154.0λ2 227.0λ2 129.3λ2

Realized Gain 23.9dBi 28.0dBi 28.3dBi 30.32dBi 24.6dBi

1dB Bandwidth NA 10.0% 5.2% 4.3% 17.5%

Dielectric Y Y Y N Y

Bi-focal N N N ±30◦ ±30◦

Deployability N N N N Y

Aperture Efficiency 12.7% 34.8% 29.0% 37.6% 22.8%

material. This issue could potentially be improved by utilizing a low-loss flexible polymer.

Another reason of the efficiency drop is the fact that when the excitation horn antenna ro-

tates from 30° to 10°, the edge illumination of the array will drop from −3 dB to −8.5 dB

as the feed horn antenna has an E-plane−3 dB beamwidth of 14°, and the feed center from

the horn to the reflectarray is 240 mm. The proposed reflectarray is the only one offering

beam-scanning ability, deployability, and full dielectric design simultaneously.

5.4 Summary

This chapter presented the first-of-its-kind one-shot deployable, beam steerable dielectric

reflectarray inspired by kirigami structures and mechanical metamaterials. The design is

realized through low-cost commercialized 3D printing systems with flexible materials. The
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fabricated prototype shows high realized gain, wide-bandwidth, −10° to −30° and 10° to

30° of scan range, and 65% of volume reduction when retracted, enabling more space-

limited high-end communication applications for dielectric reflectarrays. The flexible ele-

ment structure can potentially introduce multi-stage reconfigurability to the design of di-

electric reflectarray in future work.
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CHAPTER 6

TRULY CONFORMAL TILE-BASED BEAMFORMING PHASED ARRAY WITH

NOVEL 3D DEPTH CAMERA CALIBRATION

6.1 Introduction

Recent advances in communication technologies have created new desires for lightweight,

conformal, and high-performance wireless Flexible Hybrid Electronics (FHE) in both con-

sumer and defense applications such as internet of things (IoT), remote sensing, and tele-

communications. Advanced communication systems typically require large phased array

antennas; however, these phased arrays are usually quite bulky and heavy and come only

in very limited sizes, and thus increasing the cost of customization and reducing the adapt-

ability to various end-use cases. In addition, traditional phased arrays have planar design

and utilize rigid materials, so it is very difficult to implement them onto non-flat surfaces

such as aircraft wings, propellers, and modern buildings. Most of the available conformal

phased array designs are transformed from a traditional planar design, and they usually have

only one fixed shape so that the phase distribution can be calculated with a fixed formula.

If the geometry of the phased array is changed, a very complicated and time-consuming

calibration process will be needed to generate a new phase distribution formula.

To date, there are various approaches available to calibrate a phased array system de-

pending on the applications and requirements. The most commonly used methods are

probe-based process that measures near field [104, 105, 106], quasi-near field [107], or

far field [108]. While probe measurement can provide accurate amplitude and phase data,

the measurement process usually takes very long time as the multiple datasets need to be

collected in various locations and orientations, which will increase the system downtime

significantly. Additionally, the probe-based calibration process requires bulky and expen-
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sive equipments, adding more cost in both logistics and human resources. Another ap-

proach of calibrating conformal phased array is to detect the mutual coupling between the

elements [109, 110, 111]. The mutual coupling calibration methods can demonstrate good

accuracy in detecting the radius for cylindrical phased arrays. However, for more compli-

cated cases such as uneven surfaces and arbitrary spacings, the mutual coupling method

will have very limited resolution. Furthermore, mutual coupling detection requires addi-

tional feeding circuits and requires the phased array elements to be switchable between TX

mode and RX mode. This will significantly increase the cost and complicity of phased ar-

ray systems as many of them are TX or RX only. Thus, an accurate, low-cost, easy-to-use

method needs to be developed that has the ability of calibrating conformal phased arrays in

any arbitrary shape on-the-fly.

In this chapter, a novel conformal phased array calibration method utilizes 3D depth

camera and computer vision will be introduced. This method use the 3D depth camera or

LiDAR sensor that are built into modern smartphones to calibrate conformal phased arrays

within a few seconds on-the-fly. The concept is similar to the laser metrology computer

control system used in Green Bank Telescope [112]. To demonstrate the performance of

this method, a tile-based fully printable phased array architecture will be designed, the

phased array tiles will be connected to a flexible inkjet printed tiling layer to enable the

flexibility of the array.

6.2 3D Depth Camera

With the advancement of self-driving cars, smartphones, and AR/VR/MR technologies, the

cost of a 3D depth camera system has been reduces dramatically from tens of thousands

of dollars to a few hundreds of dollars. More and more 3D camera systems have been

deployed onto consumer electronic devices such as stereo vision cameras used in drones

from DJI, LiDAR sensors used in Apple iPad Pro tablets and Intel RealSense modules,

structured-light 3D camera used in Apple FaceID modules and Microsoft Kinect modules,
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these 3D cameras add depth information to the image that enables advanced applications

in obstacle avoidance, 3D scanning, face and gesture recognition, etc.

Another potential application for these 3D depth cameras is to use the true depth and

geometric information to detect and calibrate conformal phased arrays with arbitrary shapes

shown in Fig. 6.1 such as rotation, shift, twist, etc.

Figure 6.1: Detectable transformation of conformal phased array using 3D depth camera:
rotation, shit, and twist.

6.2.1 Proof-of-concept Experiments

TrueDepth Camera

For proof-of-concept experiments, we are using the TrueDepth camera that built into most

of the Apple iPhone smartphones since 2017. This camera module is picked for it’s avail-

ability and accessibility, low cost, as well as matured SDK (software development kit).

Fig. 6.2 shows the TrueDepth camera module inside an iPhone 12 Mini that consists an IR

(infrared) dot projector, an RGB (red-green-blue) camera, and an IR camera. This 3D depth

camera module uses structured-light 3D reconstruction method where the IR dot projector

will project a pre-defined IR dot grid, by detecting the parallax shift of the IR dots using

the IR camera, the depth information can be extracted [113]. Fig. 6.3 shows the dot grid

projected by the IR dot projector captured by a full-spectrum modified CCD sensor with a

B+W 093 900 nm IR pass filter.
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Figure 6.2: The TrueDepth camera module inside an iPhone 12 Mini.

Figure 6.3: Projected IR dots captured by a full-spectrum modified CCD sensor with a
B+W 093 900 nm IR pass filter
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Read the Camera Data

The TrueDepth camera data can be accessed with SDK provided by Apple [114]. An app

(Fig, 6.4) was modified based on the SDK to preview the camera data in real-time and save

the data to .txt files to be processed in other platforms. The camera readout has 640× 480

pixels in 16 bit depth resolution with maximum frame rates of 30 fps.

Figure 6.4: Modified app based on the SDK [114] with 3D real-time preview and data
saving functions

The captured data are stored in a 2D u − v coordinate system where u and v axis are

the horizontal and vertical pixel count. A pixel that contains the depth information z can be

located by a specific u and v number. The z depth of a point is defined by the distance from

the point to the plane of the smartphone’s screen. To extract the accurate shape information,

the u − v coordinate system need to be transformed into x − y coordinate system where
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x and y are the spatial x and y locations of the point. This uvz to xyz transformation

can be performed using camera intrinsics matrix (6.1) which realates a camera’s internal

properties to an ideal “pinhole” camera model. In (6.1), fx and fy are the pixel focal

lengths, x0 and y0 are the offsets of the principal point from the first pixel (top left corner

of the image). The camera intrinsics matrix of the TrueDepth camera can be read with

AV CameraCalibrationData API. The x and y location can be calculated by (6.2) and

(6.3). Fig. 6.5 plots the captured depth image of a computer desk transformed from uvz to

xyz coordinate system.


fx 0 x0

0 fy y0

0 0 1

 (6.1)

x = (u− x0)× z/fx (6.2)

y = (v − y0)× z/fy (6.3)

Figure 6.5: Captured depth image of a computer desk transformed from uvz (left) to xyz
(right) coordinate system.
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Experiment Setup

The first experiment is to verify the feasibility of using the TrueDepth camera to detect the

“Rotation” angle shown in Fig. 6.1. To ensure the consistency of the captured data, mea-

surement setup shown in Fig. 6.6a is designed and 3D printed which includes a smartphone

holder, a sample holder plate, and a series of 3D printed dummy samples with different

rotation angles from 10° to 30° (Fig. 6.6b).

(a)

(b)

Figure 6.6: (a) Design of the measurement setup to verify the feasibility of measuring “Ro-
tation” angles using the TrueDepth camera; (b) 3D printed dummy samples with different
rotation angles from 10° to 30°.
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Data Processing Script

The captured raw data of a 20° dummy sample is shown in Fig. 6.7a. An automated data

processing script was written in MATLAB with three critical steps:

• Find the plane normal of the sample holder to calibrate x-y plane.

• Find one edge of the dummy sample to calibrate z-axis rotation angle.

• Define data sampling range.

Figure 6.7: First step of data processing: calibrate x-y plane; (a) raw data; (b) edge detec-
tion; (c) line detection; (d) line selection.

Within the first step, the raw data will be converted to a greyscale image, then a “Canny”

edge detector will be utilized to extract the edge of the sample holder and the edge of the

74



dummy sample (Fig. 6.7b). Next, the Standard Hough Transform (SHT) will be applied to

the edge detection result and line detection (Fig. 6.7c) will be performed with houghlines

function that extract the line information based on SHT. Finally, two edge lines of the

sample holder will be selected (red lines in Fig. 6.7d) to calibrate the x-y plane. By running

a linear interpolate curve fitting algorithm, the line equations of the selected two lines can

be extracted. With the line equations, the plane normal of the sample holder (Fig. 6.8a) can

be calculated. With the plane normal, the rotation of x-y axis can be calibrated to ensure

a flat x-y plane. Fig. 6.8b shows the plot of the data without x-y plane calibration, where

the sample holder shows a gradient color meaning the plane is tilted. With the x-y plane

calibration, the sample holder is showing singular color as shown in Fig. 6.8c.

Figure 6.8: Results of the first step data processing: (a) definition of the sample holder’s
plane normal; (b) without x-y plane calibration; (c) with x-y plane calibration.

Fig. 6.9 shows the second step of data processing to calibrate the rotation of z-axis.

Based on the output of the first step (Fig. 6.9a), the image will be cropped to ignore ir-

relevant data and focus on the dummy sample area (Fig. 6.9b). Then another SHT-based

edge detection (Fig. 6.9c) will be performed with lower threshold to detect the lines around

the dummy sample. Finally, one edge of the dummy sample will be selected (Fig. 6.9d)

to calibrate the z-axis rotation of the dummy sample. As shown in Fig. 6.10, after z-axis

calibration, the top edge of the dummy sample is leveled.

From the first and second step of data processing, we can extract the amount of axis
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Figure 6.9: Second step of data processing: calibrate z axis; (a) output of the first step; (b)
crop the image to focus on the dummy sample; (c) line detection with lower threshold; (d)
line selection.

Figure 6.10: Results of the second step data processing: without x-axis calibration (left);
with x-axis calibration (right).
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rotation needed θx, θy, θz to calibrate the x-y plane and z-axis. The un-calibrated xyz

coordinate can be transformed to the calibrated xyz coordinate with the rotation matrix R

where,


Xcal

Ycal

Zcal

 =

[
R

]
Xuncal

Yuncal

Zuncal

 (6.4)

[
R

]
=

[
Rx

] [
Ry

] [
Rz

]
(6.5)

[
Rx

]
=


1 0 0

0 cos(θx) −sin(θx)

0 sin(θx) cos(θx)

 (6.6)

[
Ry

]
=


cos(θy) 0 sin(θy)

0 1 0

−sin(θy) 0 cos(θy)

 (6.7)

[
Rz

]
=


cos(θz) −sin(θz) 0

sin(θz) cos(θz) 0

0 0 1

 (6.8)

Fig. 6.11 shows the third step of the data processing that uses the selected line in

Fig. 6.9d to sample the data. The sampled area has 30 mm y-axis span and 220 mm

x-axis span from the center of the dummy sample. Linear interpolate curve fitting al-

gorithm will be utilized to extract the slope of the left side and right side of the sam-

pled data, to get angle1 and angle2. The rotation angle of the dummy sample will be:

anglerot = (angle1 + angle2)/2. The curve fitting results are shown in Fig. 6.12.
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Figure 6.11: Third step of data processing: data sampling.

Figure 6.12: Curve fitting results of the left side (angle1) and right side (angle2) of the
dummy sample.

Experiment Results

The 3-step data processing procedure is written as an automated script in MATLAB. Three

sets of data was taken for each 3D printed dummy sample shown in Fig. 6.6b, in total, 21
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sets of data were collected. All the data were successfully go through the MATLAB script,

the output angles are shown in Table. 6.1. And the results are plotted in Fig. 6.13. The

measurement results demonstrated exceptional rotation angle detection accuracy with the

3D TrueDepth camera, with the minimum averaged delta (∆ave) of 0.1948° and maximum

averaged delta 0.7874°. With less than 1° averaged error, it proofed the 3D depth camera

calibration method should have enough resolution as most of the beamforming ICs have

phase control resolution less than 6 bit.

Figure 6.13: Rotation angle detection preliminary measurement Results.

6.2.2 Phased Array Tile

The development of 5G and mm-wave technologies have enabled the connection of next-

generation of IoT and massive MIMO devices with high data rates and wideband opera-

tions. To satisfy the link budget, antenna arrays in different sizes are designed and utilized

in an application-specific manner, which requires more design and fabrication time and

cost. So solve this challenge, we choose to use a tile-based phased array architecture shown
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Table 6.1:
Rotation Angle Detection Preliminary Measurement Results

Angles Measurement1 Measurement2 Measurement3 ∆ave

10° 10.4936° 10.8881° 10.9805° 0.7874°

20° 19.4473° 20.1799° 19.7839° 0.3162°

21° 21.4050° 21.1369° 21.7478° 0.4299°

22° 21.9133° 21.7054° 22.2011° 0.1948°

23° 23.2480° 23.2721° 23.9472° 0.4891°

24° 23.6779° 25.4729° 24.2970° 0.6973°

30° 29.9870° 30.4661° 30.6004° 0.3598°

in Fig. 6.14 that packs beamforming IC and antenna elements into a single tile. Individual

tiles can be connected with a scalable 3D microstrip to microstrip (3D-M2M) feeding net-

work so that can be easily scaled up to large sized arrays. The 3D-M2M feeding network

can be printed onto a flexible substrate so this phased array architecture can be applied to

any arbitrary shape, and calibrated with the 3D depth camera method. These features make

the this tiled phased array an ideal candidate for space-limited and power efficient 5G and

satellite communication applications, and mmW Rx systems for multi-streaming with high

throughput that require a large number of antenna arrays.

Figure 6.14: Concept demonstration of the conformal tile-based phased array architecture.
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Single Tile Design

The single tile phased array consists of an Anokiwave AWS-0102 beamforming IC (BFIC)

with 8 microstrip patch antenna elements on a Rogers 4350B substrate. The operating

frequency range is defined by AWS-0102 BFIC which covers 17.7 GHz to 20.2 GHz for K-

band SATCOM Rx radios. This BFIC has integrated individual amplifiers and phase shifter

for each antenna port, the integrated micro controller can control the amount of attenuation

(which controls the amount of amplification) and phase delay via an SPI interface. The

design of the single tile is shown in Fig. 6.15, patch elements are fed from the edge and

the feed lines are matched to 50 Ω impedance at 19.7 GHz. The BFIC is fed with a 50 Ω

microstrip line and a grounding pad for the 3D-M2M transition. DC power connectors

and SPI interface connectors are placed around the edge of the tile to ensure a strong bond

between• tiles and the tiling layer. Extra bonding points are also designed to create a even

stronger inter-layer connection.

DC Power

RF

3D-MCM

Extra

GND

Patch
Element

BFIC

2
8

m
m

28mm

5.46mm

3
.6

7
m

m

Moun ng
SPI

Interface

Figure 6.15: Design of a single tile
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Single Tile Simulation

The single tile is designed and simulated in CST Microwave Studio. The dimension of the

patch antenna elements are optimized as 5.46 mm × 3.67 mm to have good performance

at 19.7 GHz, the spacing between patch elements is also optimized for good radiation and

low side lobe level (SLL) during beam steering. The simulated S11 and radiation pattern of

each patch antenna element is shown in Fig. 6.16 and Fig. 6.17. The elements show very

minimal frequency variation and good radiation performance. The averaged realized gain

is 5.45 dBi and the averaged radiation efficiency at 19.7 GHz is −0.83 dB.
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Figure 6.16: Simulated return loss of the single tile patch elements.

The BFIC on each tile has 8 individual phase shifters and power amplifiers, Fig. 6.18

shows the radiation pattern of the tile with all 8 patch elements turned on. The single

tile achieved 12.7 dBi realized gain with −9.6 dB SLL at broadside. By tuning the phase

shifters, the main beam can be steered from −30° to 30° with SLL varies from −9.6 dB to

−4.5 dB. The summery of the single tile performance is shown in Table. 6.2.
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Figure 6.17: Simulated radiation pattern of the single tile patch elements.
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Figure 6.18: Simulated beam steering performance of the single tile.
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Table 6.2:
Summery of the Single Tile Performance

Steering Angle Realized Gain SLL
θ = 0° 12.7 dBi −9.6 dB

θ = 10° 12.6 dBi −7.6 dB

θ = −10° 12.6 dBi −7.6 dB

θ = 20° 12.2 dBi −6.1 dB

θ = −20° 12.3 dBi −5.8 dB

θ = 30° 11.5 dBi −4.8 dB

θ = −30° 11.5 dBi −4.5 dB

Tiling Layer Design

The tiling layer is used to attach the tiles to the feeding network and provides connections

to the digital and DC interfaces such as SPI, VCC, and ground. The feeding network

combines the RF out on each tile to a single output. All the ports are matched to 50 Ω by

quater-wavelength transformers. In this design, we are using Rogers 3003 flexible substrate

to fabricate a tiling layer which contains two tiles. The angle between two tiles is rotatable

and will be calibrated with the 3D depth camera method.

To attach each tile to the feedline, a novel 3D microstrip to microstrip (3D-M2M) tran-

sition is designed and utilized. Fig. 6.19 shows the 3D-M2M transition design between two

microstrip lines, as well as a cross-section view of this structure. Two vias are placed aside

the transmission line to connect ground planes of tiles and tiling layer. Square pads are

added at the top of vias to reduce difficulty in soldering and provide higher stability. It has

been reported that this structure can realize a low-loss and wide-band transmission [115].

Array Simulation

The 2-tile array is designed and simulated in CST Microwave Studio in two configurations:

0° and 15° rotation as shown in Fig. 6.20. The radiation pattern of 0° and 15° rotation

cases are shown in Fig. 6.21. The 0° and 15° 2-tile array demonstrated 16 dBi and 14.7 dBi
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Figure 6.19: Microstrip-to-Microstrip transition.

realized gain, −11.1 dB and −8.3 dB SLL receptively at broadside, 10 dBi and 12.4 dBi

realized gain, −0.6 dB and −4.9 dB SLL receptively at 60° direction. The beam steering

ability of the 2-tile arrays are also simulated with steering angle from −60° to 60°. The

summery of the beam steering performance is shown in Table. 6.3.

(a)

15°
15°

(b)

Figure 6.20: Two configurations of the 2-tile array design: (a) 0° rotation angle; (b) 15°
rotation angle.
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Figure 6.21: Simulated radiation patterns for different steering angles: (a) 0° rotation angle;
(b) 15° rotation angle.
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Table 6.3:
Summery of the 2-Tile Array Performance

Steering Angle Realized Gain@0° SLL@0° Realized Gain@15° SLL@15°

θ = 0° 16 dBi −11.1 dB 14.7 dBi −8.3 dB

θ = ±20° 15.5 dBi −9.4 dB 15.4 dBi −10.6 dB

θ = ±40° 13.1 dBi −4.6 dB 14.4 dBi −8.1 dB

θ = ±60° 10 dBi −0.6 dB 12.4 dBi −4.9 dB
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CHAPTER 7

ADDITIONAL RESEARCH: A NOVEL 4-DOF WIDE-RANGE TUNABLE

FREQUENCY SELECTIVE SURFACE USING ORIGAMI ”EGGBOX”

STRUCTURE

This chapter covers the additional work on novel origami-inspired “eggbox” structure that

has more tunable dimensions than Miura-ori structure.

7.1 Introduction

Miura-ori is one of the most commonly used element structure in origami-inspired 3D

FSS designs. Miura-ori FSS (M-FSS) features tunable equivalent electrical length and

inter-element coupling by compressing from one side or changing the angle of incidence

(AoI). Although compressing a Miura-ori FSS enables precise positioning by maintaining

constant interspacing of elements along that axis, but it also removes a degree of freedom

in the tuning parameters of an FSS device. Thus, the tunable range can be limited and

insufficient in advanced ultra wideband (UWB) terrestrial and outer-space applications.

In this chapter, a novel tunable origami-inspired 3D FSS is presented using “eggbox”

structure. The “eggbox” FSS can be tuned by compressing from two directions, or rotating

from two axis. The multiple tuning methods enable a wider frequency tuning range. The

prototype was fabricated with inkjet printing technique that is scalable, low-cost and fully

additive. The measured sample shows wide-range frequency tunability, four degrees of

freedom and two orthogonal linear polarizations.
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Figure 7.1: Eggbox element design: (a) 2D flat eggbox outline pattern; (b) 3D folded
eggbox structure; (c) 3D folded eggbox volumetric boundary box.

7.2 Element Design

7.2.1 Mechanical Design

The “eggbox” is a non-developable structure which features additional degrees of freedom

compare to widely used Miura-ori structure [116, 117, 118]. The design of an eggbox

element is shown in Fig. 7.1b. The bi-directional symmetry nature of the eggbox enables

the ability to compress the eggbox structure from two orthogonal directions, in this case, x

axis and y axis. The size of the eggbox is defined by two lengths l1 and l2. The compressing

angles along y axis and x axis are defined by α and β. When the eggbox is not compressed,

α and β will be equal, which can be calculated by (7.1).

α = β = θ0 = 2× arccos(

√
(1− l2

2

2l1
2 )) (7.1)

When the eggbox is compressed, the relation between the two folding angles α and β

can be calculated by (7.2) or (7.3).

α = 2× arccos((
1

cos β
2

)× (1− l2
2

2l1
2 )) (7.2)

β = 2× arccos((
1

cos α
2

)× (1− l2
2

2l1
2 )) (7.3)
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The unfolded eggbox unit element is shown in Fig. 7.1a, the sector angle ϕs can be

calculated by (7.4)

ϕs = arccos(
2l1

2 − l22

2l1
2 ) (7.4)

The volumetric parameters of an eggbox unit element is shown in Fig. 7.1c where the

overall dimensions w, l, and h can be calculated by (7.5), (7.6), and (7.7) respectively.

w = 2l1 sin(0.5β) (7.5)

l = 2l1 sin(0.5α) (7.6)

h = l1 cos(0.5α) + l1 cos(0.5β) (7.7)

To ensure a good foldability and ease of fabrication, the eggbox configuration in this

work is optimized to be l1 = 20mm, l2 = 20mm, α(unfolded) = 110◦, β(unfolded) =

110◦. The variation of different geometric parameters with different folding angles α is

shown in Fig. 7.2 which presents the folding/compressing process of the eggbox structure.

7.2.2 RF Design

For proof-of-concept verification, the substrate utilized in this work is 110 µm thick cellu-

lose paper. The material is characterized resulting dielectric constant (εr) of 3.4 at 7.5 GHz

with a loss tangent (tan δ) of 0.015.

To ensure a significant frequency tunability and take full advantage of the eggbox struc-

ture with added degrees of freedom, a cross dipole shaped conductive pattern is utilized.

Cross dipole FSS element has been well studied over the years showing enhanced band-

width, dual linear polarizations and ease of fabrication [1, 119, 120, 121, 122]. Literature
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α β

Figure 7.2: The variation of different geometric parameters with folding angles α from 0◦

to 120◦.

[8] explores the possibility of integrating cross dipole element onto Miura-ori based FSS,

showing improved tunability and bandwidth.

The eggbox FSS element shown in Fig. 7.3 is designed and simulated in CST Studio

Suite 2019 with unit cell boundary condition and Floquet port excitations with the fre-

quency domain solver. The unit cell boundary condition simulates only one singular FSS

element and extrapolates to an infinite sheet. The size and distribution of the cross dipole

element is optimized to ensure a great range of tunable frequencies and S21 performance.

The center frequency is designed at 7.5 GHz with optimized cross dipole dimensions of

lc = 15 mm and wc = 3.5 mm. The simulated frequency response will be presented and

discussed in Section. III with the measurement results.
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Figure 7.3: Design of cross-dipole eggbox FSS element: (a) perspective view; (b) top view;
(c) equivalent circuit.

7.3 6× 6 Eggbox FSS Design

7.3.1 Mechanical Simulation

As a proof-of-concept demonstrator, a 6 × 6 “eggbox” FSS with cross-shaped resonating

elements is employed in this work. The centre frequency is designed at 7.5 GHz. The

length of the FSS can be compressed from 170 mm (α = β = θ0 = 110◦) down to 37 mm

(α = β = 22◦). The angle of incidence (AoI) can be customized from 0° to 30°. The design

takes advantage of the bidirectional symmetry nature of the eggbox structure, tuning both

orthogonal polarizations.

When compressing along the x-axis (as shown in Fig. 7.4), the decreased equivalent

inductance of the horizontally faced branches, increase the resonant frequency of the hor-

izontally polarized waves. The increased equivalent capacitance of the vertically faced

branches, decrease the resonant frequency of the vertically polarized waves. Compressing

along y-axis will in contrast decrease the horizontally polarized frequency and increase

vertically polarized frequency.

92



Figure 7.4: Demonstration of four degrees of freedom tuning methodology: fold along x
axis; fold along y axis; rotate x axis; rotate y axis.

When rotating the structure along the x-axis, the increased equivalent inductance of the

horizontally faced branches, decrease the resonant frequency of the horizontally polarized

waves. Rotating along y-axis will in contrast decrease the vertically polarized frequency.

7.3.2 Fabrication

Unlike the Miura structure, the eggbox is a non-developable structure that cannot be folded

out of a single planar paper sheet. Therefore, to realize the eggbox with paper-based sub-

strate, we will utilize cuts and folds of individual eggbox FSS elements which are then ad-

hered together. In this case, the manual fabrication process is durable and accurate enough

for this proof-of-concept demonstration. To further improve the fabrication process, hy-

brid printing can be a faster and more accurate way to manufacture a scalable and durable

eggbox FSS.

The print-fold-attach fabrication process shown in Fig. 7.5 is utilized to realize the

eggbox FSS prototype consists of a 6 × 6 array of individual cells. First, a folding pattern

for the individual eggbox cell was designed in a 2D CAD software. The 2D drawing

accounts for the conductive traces, the folds, and an additional polygon to glue the edges
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that enable linking of the elements together that can be easily printed with an office laserjet

printer. Then, the cross dipole pattern will be printed onto the flat eggbox outline with a

Dimatix DMP-2831 inkjet printer utilizing Suntronic EMD5730 silver nanoparticle (SNP)

ink (Sigma-Aldrich). Cellulose paper inherently tends to absorb the conductive ink, thus,

ten layers of SNP ink is printed to ensure a exceptional conductivity and flexibility. After

printing, the substrate will be thermally cured at 140 °C for 1 h to sinter the SNP ink.

Finally, to realize the eggbox 6 × 6 matrix, each folded structure was attached together

by glue. The entirety of the 6 × 6 matrix of elements can be seen in Fig. 7.6, with an

approximate length and width of 170 mm × 170 mm in its uncompressed state.

Figure 7.5: Three-step fabrication process for eggbox FSS: perforate eggbox pattern; inkjet
print conductive traces; fold to 3D eggbox structure.

7.3.3 Simulation and Measurement Results

In order to measure the fabricated prototype, two horn antennas (A-INFOMW LB-20245-

SF) were placed equidistant with 1.5 meter spacing, with the results measured on an Anritsu

MS46522B VNA set to measure from 6 GHz to 9 GHz. The 6×6 eggbox structure is placed

equidistant between the horn antennas. The eggbox structure was compressed for different

angles α and β, and the length and width of the eggbox after various compressions enables

determination of the fold angles α and β, which are then compared to the simulated results.

The simulated and measured insertion loss of the eggbox FSS for horizontal polariza-
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Figure 7.6: Fabricated sample of 6 × 6 cross-dipole eggbox FSS and incidence angles:
normal incidence (blue), rotate y axis (green), rotate x axis (red).

tion (along x-axis) with different folding angles is shown in Fig. 7.7. From this figure, the

resonant frequency of the metamaterial shifts higher as the folding angle β decreases. This

is due to the reduced effective length of the horizontal branch of the cross element due to

folding, which in turn causes a reduction of the inductance. On the other hand, the resonant

frequency of the origami meta-material shifts lower as the folding angle α decreases. The

result of this is due to the folding along the y-axis reducing the gap between the horizontal

components of the metamaterial, leading to an increased capacitance that reduces the res-

onant frequency. The vertical polarization response is demonstration in Fig. 7.8. In this

scenario, as the folding angle of β decreases, the frequency reduces due to the increase

capacitance. If the folding angle α is reduced, the frequency of the resonant response in-

creases due to a reduced inductance. Note that the amount of frequency shifting varies

depending on the folding direction and polarization. For example, it can be seen that the

folding angle β has an increased impact to the response of the system along the horizontal
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polarization. Similarly, along the folding angle α has a larger impact of the response in the

vertical polarization along the y-axis. The measured resonance frequency versus folding

angles (0.2θ0 to θ0) of horizontal polarization is shown in Fig. 7.9, the measured fractional

bandwidth is 25%.

Figure 7.7: Horizontal (x-axis) polarization with different folding angles simulation and
measurement results.

The simulated and measured insertion loss of the eggbox FSS for horizontal polar-

ization (along x-axis) with different y-axis rotating angle θy is shown in Fig. 7.10. The

resonant frequency of the eggbox FSS decreases as the rotating angle θy increases. This is

due to the expanded effective length of the vertical branch of the cross element due to fold-

ing, which in turn causes a increase of the inductance. On the other hand, in Fig. 7.11, the

resonant frequency of the horizontal branch shifts lower as the rotating angle θx increases.

There are some mismatches between the simulation and measurement results especially

the amplitude of the insertion loss. This is because the simulation setup uses unit cell

boundary condition in CST, which considers the FSS as infinitely large. The unfolded

6× 6 eggbox FSS ( 170 mm × 170 mm) will cover the whole antenna aperture which can
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Figure 7.8: Vertical (y-axis) polarization with different folding angles simulation and mea-
surement results.

be considered as infinity large. However, when we compress or rotate the structure, the

size of the eggbox FSS can reduce to 37 mm × 170 mm which cannot cover the entire

illuminating antenna beamwidth anymore, causing leakage that reduces the insertion loss

performance.

The measured performance of the eggbox FSS design presented in this paper is com-

pared with state-of-art origami FSSs at is shown in Table. 7.1. The proposed design demon-

strates widest tunable range, dual linear polarizations and 4-DOF tunability.

Table 7.1: Performance comparison of typical origami inspired FSS

Work Type Pattern Freq Tunable
Range Polarization

[2] Miura Dipole 12.8% Linear
[4] Miura Dipole 13.5% Linear
[11] Miura Cross 19% Dual-linear
This
Work Eggbox Cross 25%

Dual-linear
4-DOF-tunable
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Figure 7.9: Resonance frequency versus folding angles of horizontal polarization (x-axis)
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Figure 7.10: Horizontal polarization (x-axis) with different y-axis rotating angles simula-
tion and measurement results.

7.4 Summary

This chapter covers the additional work of a novel tunable eggbox-based origami 3D FSS.

The eggbox structure enables two foldable directions and two rotatable axis to tune the

resonant frequency. The measured results show a wide range of frequency control of 25%

fractional bandwidth. The fabrication of individual cells without the use of active devices
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Figure 7.11: Vertical polarization (y-axis) with different x-axis rotating angles simulation
and measurement results.

enables easy scalability by allowing many individual elements to be fabricated and then

assembled in any desired configuration. By changing the type of substrate, or fabricate

with the hybrid printing process, the design can be applicable for remote sensing, RFID,

5G, and mm-wave applications.
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CHAPTER 8

ADDITIONAL RESEARCH: 3D-PRINTING AND CHARACTERIZATION OF

POLYTETRAFLUOROETHYLENE (PTFE) DEMONSTRATING EXTREMELY

LOW LOSS MM-WAVE DIELECTRIC REFLECTARRAYS

This chapter covers the additional work on discovering and characterizing the first 3D print-

able low-loss material for RF applications.

8.1 Introduction

With the development of 5G/6G technologies and the exponential growth of mobile de-

vices, a wide set of additive manufacturing technologies are adopted in the fabrication of

RF devices [123, 124]. To achieve designs similiar to traditional circuit board, fabrication

techniques such as ink-jet printing, aerosol jet printing, and direct write technologies can

be utilized to deposit practically anything in a liquid form, from high conductivity silver

nanoparticle inks and silver/gold/copper electroless solutions, to various dielectrics such as

SU-8, BCB, polyimide, acrylate epoxies, etc [125]. Homogeneous polymer 3D printing is

the most widespread technology to rapidly fabricate complex 3D structures with commonly

used 3D printing technologies include fused deposition modeling (FDM) and stereolithog-

raphy (SLA), enabling novel microwave and photonic devices including microwave and

photonic metamaterials such as gradient index Luneburg lenses, mm-wave packaging, di-

electric lenses, etc [123, 124, 126, 61, 127, 128, 129].

However, there is a major challenge. Most additive manufacturing processes and ma-

terials are optimized for mechanical purposes first, and have no or little consideration for

electrical properties. This becomes particularly important as the frequency of operation

increases to mm-wave and beyond for SATCOM and next generational communication

networks, the loss tangent of these polymers and particle mixtures in the aforementioned
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additive manufacturing techniques can cause significant performance losses in a microwave

system. The loss of an antenna directly correlates to its efficiency, impacting the transceiver

design by affecting the receiver signal-to-noise ratio (SNR) ratios as well as transmitter

emitted power. The intersection of high performance materials for mm-wave purposes and

ideal mechanical properties intertwine occasionally. Unfortunately, for general SLA resins

at this time, those properties do not intertwine as far as dielectric properties, where the

tan δ varies between 0.02 to 0.04 [130]. This is because the resins themselves tend to

contain polar molecules, and the increase of dielectric losses is caused by an amount of the

molecules not fully cross linked after the fabrication process. Although the cross-linking

can be improved through methods such as heating and UV exposing the polymer during

the final curing process, the dielectric loss is still the major limiting factor for the RF per-

formance.

Within this chapter, the 3D printed Polytetrafluoroethylene (PTFE) is reported with

the lowest loss achieved by stereolithography technology. This work was a collabora-

tion with 3M who has been developing a 3D printing process for PTFE. We performed

a broadband material characterization for the SLA PTFE with Nicolson-Ross-Weir (NRW)

method [131] from 26 GHz to 40 GHz. To compare the results, we also characterized a

variety of commercially available 3D printing materials including FDM materials such as

Ultimaker PLA, ABS; and SLA materials such as Formlabs Clear, High Temp, Flexible

80A. To demonstrate the real-life performance advantages from the low-loss materiel, we

designed and fabricated two mm-wave dielectric reflectarray antennas utilizing SLA PTFE

and Formlabs Clear. The dielectric reflectarray antennas feature a “hollow” unit cell struc-

ture that is suitable for SLA printing, and a flat profile for easy transportation and imple-

mentation. The measurement result confirms the high performance of the SLA PTFE and

the applicability to mm-wave designs for modern RF devices and systems.
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8.2 3D Printing and Characterization of PTFE

Many materials with low loss tangents tend to be ceramics and polymers that are chemi-

cally inert, such as alumina and polytetrafluoroethylene (PTFE). This tends to make them

difficult to utilize within SLA systems where a chemical reaction is utilized for the so-

lidification of materials. Custom 3D printing stereolithography resins can be designed by

loading polymer resin with particles. For example, Tethon3D Porcelite porcelain-based

material [132] is created in this manner. Additionally, the manufacturing needs to be ad-

justed heavily depending on the light absorbing properties of the print, as the Tethon 3D

Porcelite resin had to be exposed by more than 5× the amount of energy compared to the

MadeSolid Vorex Orange in our tests [133]. Additionally, the polymer matrix must be re-

moved in post-processing in order to get the dielectric properties of the loaded material.

This leads to many challenges, including requiring a firing oven that can achieve 1260 °C.

Not only that, due to how the layers are deposited, the part will often shrink anisotropically,

usually at a different rate in the Z direction. This can be compensated by scaling the model

before printing along the correct axis. However, the entire process of fine tuning the ma-

terial recipe to reach reliable printing properties, firing properties, correction due to firing,

and verifying the dielectric performance can become an extremely challenging task. In that

sense, a collaboration was set up with 3M who have been developing a 3D printing process

for PTFE.

To utilize 3D printing materials in RF designs and simulations, the materials need to

have their dielectric properties characterized. To characterize the dielectric properties,

7.11 mm × 3.56 mm × 3.00 mm samples were made for Ka-band waveguides to be mea-

sured from 26.5 GHz to 40 GHz with measurement setup shown in Figure. 8.1a. In order

to capture the expected extremely low loss of the SLA PTFE, higher precision waveguides

(with additional alignment pins) and a short-short-load-through (SSLT) calibration kit (A-

INFO 28CLKA2-KRFRF-P0 WR28) were utilized for this measurement. Two samples
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Figure 8.1: (a) Material calibration measurement setup with WR28 waveguide to coaxial
adapter, 1/4λ spacer, and test samples; (b) measured SLA PTFE dielectric constant and loss
tangent from 26.5 GHz to 40 GHz.
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were stacked in two shims to prevent inaccuracies in the NRW method that result from

samples that may be λeffective/2 in thickness. After calibration, typical SLA PTFE proper-

ties were determined to be εr = 2.08 , tan δ = 0.000 13 across 26.5 GHz to 40 GHz, nearly

identical to bulk PTFE. The broadband result is shown in Figure. 8.1b. The extreme flat-

ness of the relative permittivity is ideal for designing true time delay devices to enable

high-bandwidth phased arrays by reducing beam squint, a phenomena due to phase error

within the operational bandwidth.

We also characterized various 3D printing materials including SLA materials such as

Formlabs Clear V4, Formlabs High Temp V2, and FDM materials such as Ultimaker Blue-

ABS, Ultimaker Transparent PLA. The FDM samples were printed on Ultimaker S3 3D

printer with Ultimaker AA 0.4 nozzle. The “Zig Zag” infill pattern was utilized with 100 %

infill density. However, even with 100 % infill density, air gaps may still exist within the

printed samples. So the characterization results for FDM materials are subject to the print

settings, the value of the εr and tan δ will be lower than the actual bulk materials. The char-

acterization results are shown in Table. 8.1. It becomes apparent that most 3D printable

materials exhibit significant loss, with most materials having a tan δ of greater than 0.005,

and high resolution SLA resins with a tan δ greater than 0.017. With this, there is a poten-

tial to have significant performance enhancement when a low loss dielectric is utilized in

3D printed RF designs.

Table 8.1: Material Properties of Commonly Used SLA and FDM Materials

Material Typical εr Typical tan δ Frequencies
SLA PTFE 2.08 0.00013 26.5 to 40 GHz

SLA Formlabs Clear V4 2.9 0.017 26.5 to 40 GHz
SLA FormLabs High Temp V2 2.8 0.018 26.5 to 40 GHz
SLA FormLabs Flexible 80A 2.8 0.05 26.5 to 40 GHz
FDM Ultimaker Blue ABS 2.6 0.005 26.5 to 40 GHz

FDM Ultimaker Transparent PLA 2.6 0.008 26.5 to 40 GHz
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8.3 Extremely Low Loss mm-Wave Dielectric Reflectarrays

A reflectarray is a high-performance antenna system widely used in satellite communi-

cation, radar, and navigation applications. It combines the advantages of both parabolic

reflectors and phased arrays with high gain, low profile, low cost, and ease of fabrica-

tion [78]. Dielectric reflectarray (DR) is a new type of reflectarray that uses dielectric

elements to achieve phase control, eliminating the conductor losses caused by the metallic

phase shifters in traditional reflectarray designs [134, 135, 136]. The phase control of DR

is typically achieved by varying the height or thickness of the dielectric slabs, which makes

DR designs ideal for fabrication with 3D printing technology to reduce cost and turnaround

time. However, as discussed in Section. 2, most SLA dielectrics have a loss tangent above

0.017, which can absorb a significant amount of energy from the excitation waves. For ex-

ample, in [134], up to −2.60 dB return loss was observed within the full 360° phase cycle

with dielectric loss of 0.04, which means nearly half of the power could be forfeited by the

dielectric losses. Thus, in this section, we compare two identical DR designs fabricated

with the traditional SLA material Formlabs Clear and the new SLA PTFE to demonstrate

the real-life performance benefits from the low-loss dielectric.

8.3.1 Unit Cell Design and Simulation

To conform to the design rules of SLA PTFE [137], instead of using solid blocks, we

modified the design in [138] to be utilized as the unit cell structure. The dimension of the

unit cell shown in Figure. 8.2 is defined by the element length l, angle α, wall thickness t,

and element height h. This “hollow” unit cell design reduces per-layer area when printed

on an SLA 3D printer, improving the printability as well as the print quality. The phase

control is realized by changing the wall thickness t instead of changing the element height

h, which ensures the array with a flat-surface design, reducing the inter-element radiation

blockage.
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Figure 8.2: Unit cell design: four elements perspective view, single element top view. (h =
28 mm, l = 6 mm, α = 90°, t = variable)
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thickness, return loss vs wall thickness.
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The unit cell was designed and simulated in CST Studio Suite 2020 with the frequency

domain solver and unit cell boundary conditions. The simulation results are shown in Fig-

ure. 8.3. The data was extracted and post processed in MATLAB with a linear interpolative

curve fitting algorithm to ensure any desired phase value can be matched with a precise wall

thickness t.

By varying the wall thickness t from 0.6 mm to 1.7 mm, a full 360° phase cycle can be

achieved with SLA PTFE with a maximum return loss of −0.04 dB. For Formlabs Clear

material, the full 360° phase cycle can be achieved by varying t from 0.6 mm to 1.1 mm,

with a maximum return loss of −3.68 dB. A 3.64 dB improvement is observed from the

unit cell simulation by replacing Formlabs Clear with SLA PTFE.

84mm

84mm

x

ha

b a

28mm

y

z

Figure 8.4: Proposed DR configuration (θa = θb = 20°, ha = 80 mm).
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Figure 8.5: (a) Phase control patterns for SLA PTFE DR (left) and Formlabs Clear DR
(right); (b) wall thickness distribution patterns for SLA PTFE DR (left) and Formlabs Clear
DR (right).

8.3.2 Array Design

The ideal phase control value φ (xi, yi) at a given position (xi, yi) is given by (8.1), (8.2).

φ(xi, yi) = k0(di − (xicos(ϕb) + yisin(ϕb))sin(θb)) (8.1)

di =
√

(xi − hasin(θb))2 + y2i + (hacos(θb))2 (8.2)
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where k0 is the propagation constant in vacuum; di is the distance between feed horn

phase center and element i; ϕb is the main beam steering angle with respect to azimuths

angle ϕ; θb is the main beam direction with respect to elevation angle θ; θa is the excitation

horn antenna offset angle with respect to elevation angle θ; ha is the height of the excitation

horn antenna. The proposed DR configuration is shown in Figure. 8.4, we set ϕb = 0°; to

avoid beam blockage and beam squint, we set θb = θa = 20°; considering the beamwidth of

the excitation horn antenna, we set ha = 80 mm. The center frequency of this work is set to

40 GHz.

In this work, the arrays are designed with a dimension of 84 mm × 84 mm with 14 ×

14 elements. The dimension of this design is limited by the size of the 3D printer’s build

plate area, but larger 3D printers are commercially available for larger array designs. The

calculated phase control patterns are shown in Figure. 8.5a. The 3D models of the arrays

were generated in CST 2020 with a VBA script. The patterns for wall thickness t are shown

in Figure. 8.5b. The arrays were evaluated with full-wave simulation in CST 2020 with

frequency domain solver. The simulation results will be discussed in Section. 8.3.3.

Figure 8.6: Fabricated prototypes: SLA PTFE DR (left), Formlabs Clear DR (right).
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8.3.3 Fabrication, Results, and Discussion

As discussed in Section. 8.2, the SLA PTFE DR prototype was designed and fabricated

by 3M. For the Formlabs Clear DR prototype, we printed the design on Formlabs Form 3

3D printer. To ensure the best consistency and accuracy, the printed sample was washed in

99 % isopropyl alcohol (IPA) to remove the extra resin left on the surface. Then the sample

was post processed with Formlabs Form Cure UV curing system, with 60 min exposure

under 405 nm UV lights at 60 °C. The fabricated samples of SLA PTFE DR and Formlabs

Clear DR are shown in Figure. 8.6.

The radiation pattern and gain measurement setup for the DR samples are shown in

Figure. 8.7. The array is held by a 3D printed frame with a rotatable arm set to θa =

20°. Two A-INFO LB-180400-20-C-KF wideband horn antennas were utilized, one as the

excitation, and the other one as the receiver. The distance between the DUT and the receiver

was set to 2.0 m. The gain of each DR was measured and calculated with the three-antenna

method [139].

The simulated and measured radiation pattern for SLA PTFE DR is shown in Figure.

8.8a, the realized gain in simulation is 26.4 dB and measures 26.1 dB. The sidelobe level

2.0m

Receiver

ExcitationDUT

3D Printed
Frame

Figure 8.7: Radiation pattern and gain measurement setup in an anechoic chamber.
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Figure 8.8: Simulated and measured radiation patterns at 40 GHz: (a) SLA PTFE DR; (b)
Foamlabs Clear DR.
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(SLL) in simulation is −19.8 dB and measures −18.7 dB. The simulated and measured

radiation pattern for Formlabs Clear DR is shown in Figure. 8.8b, the realized gain in sim-

ulation is 22.2 dB and measures 22.0 dB. The SLL in simulation is−16.4 dB and measures

−15.0 dB. The SLL performance is affected by the resolution of the 3D printer. If the long

tube-shape structures realized thickness become thicker than designed, the side lobe levels

will be impacted. Despite the slight discrepancies on the SLL level, the simulation and

measurement match well for both DR designs.

The key performance comparison between the SLA PTFE DR and the Formlabs Clear

DR is shown in Table. 8.2. From the measured results, the SLA PTFE DR shows 4.1 dB

better realized gain and 3.7 dB better SLL. In addition, the half power beam width (HPBW)

of the SLA PTFE DR is 3.8° wider. These results confirm the significant performance im-

provements with the low-loss SLA PTFE material, enabling a new generation of prototyp-

ing dielectric microwave devices.

Table 8.2: Measured Performance of the SLA PTFE DR and Formlabs Clear DR

Sample Unit Cell Return Loss Realized Gain SLL HPBW
SLA PTFE −0.02 dB to −0.04 dB 26.1 dB −18.7 dB 7.4°

Formlabs Clear −1.8 dB to −3.7 dB 22.0 dB −15.0 dB 11.2°

8.4 Summary

This chapter cover the characterization of the extremely low loss 3D printed PTFE up to

Ka-band with electrical properties that are identical to bulk PTFE, which has orders of

magnitude better than commonly used FDM and SLA 3D printable materials. This leads

to the design and fabrication of extremely low loss mm-wave designs, such as Luneburg

lenses or, as demonstrated, a high-performance dielectric reflectarray. The SLA PTFE DR

demonstrated remarkable 4.1 dB realized gain improvement and 3.7 dB SLL improvement

over an identical design fabricated with Formlabs Clear material, a representative of com-

mon 3D printable acrylate photopolymers. The SLA PTFE truly enables the possibility of
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designing and fast prototyping the next-generation RF devices.
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CHAPTER 9

CONTRIBUTIONS AND POTENTIAL FUTURE WORKS

9.1 Contributions

The objective of this research is to design and realize high-performance shape-changing

microwave devices for 5G and mm-wave applications utilizing additive manufacturing

techniques. Toward the proposed research objective, new origami-inspired structures with

small form factor, exceptional tunability, and foldability are designed to expand the appli-

cable scenarios for 5G and mm-wave applications, and new AM fabrication processes are

developed. Some of the novel aspects of the research are highlighted below:

9.1.1 Fabrication Improvement

• Developed a hybrid printing fabrication process to realize complex flexible shape-

changing RF structures.

• Characterized various FDM and SLA 3D printing materials, including Formlabs

FLGR02 and Flexible 80A at mm-wave frequencies.

• Characterized the surface profile of 3D printed substrate, tested the number of inkjet

printed SU-8 layers needed to reduce the surface roughness.

• Developed a low temperature gradient sintering process to cure inkjet printed silver

nanoparticle inks on 3D printed substrate, dramatically improved conductor quality

and flexibility.

• Characterized the first 3D printed PTFE with loss tangent more than 100× lower than

SLA printed dielectrics.
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9.1.2 Novel Shape-changing RF Designs

• Demonstrated the first origami-inspired shape-changing reconfigurable FSSs at mm-

wave frequencies in both single-layer and multi-layer configurations.

• Realized a wireless large-area pressure sensor enabled by a novel “sandwich-like”

substrate structure with tunable hinges, and a metamaertial-based conductive pattern.

• Realized a wireless small-area pressure sensor enabled by a novel SIW based struc-

ture with tunable Voronoi insert.

• Designed and realized the first origami-inspired FSS using novel “eggbox” structure

that can be tuned from two directions with two tunable polarizations.

• Demonstrated the first origami-inspired high-performance antenna: a dielectric re-

flectarray antenna with high gain, low SLL, deployability, and beam scan ability

from −30° to 30°.

• Designed and realized the first 3D printed PTFE dielectric reflectarray antenna, demon-

strated 4 dBi gain compared to an identical design with typical SLA material.

• Proposed a novel conformal phased array calibration method: utilizes 3D depth cam-

era to scan the surface of the array, extract the element location information with

computer vision program.

• Designed a true conformal phased array system using tile-based phased array archi-

tecture with a flexible tiling layer.

9.2 Potential Future Works

9.2.1 Fabrication Improvement

• To further improve the conductor flexibility for better bending/flexing range, new

conductive inks such as silver nano wire should be experimented and characterized.
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• To fabricate even smaller 3D structures for THz applications, Pixdro LP50 dual-

printhead inkjet printer can be a potential solution to build both the dielectric and

conductor at the same time layer-by-layer in um resolution.

9.2.2 Novel Shape-changing RF Designs

• To improve the applicable scenarios for the 3D depth camera conformal phased array

calibration process, more advanced computer vision and machine leaning techniques

can be utilized to map more complicated surfaces.

• With the 3D depth camera conformal phased array calibration process, more shape-

changing origami-inspired phased arrays can be developed with more mechanical

tuning and electrical tuning capabilities.
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