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SUMMARY

As we step into the era of 5G/B5G, mmWave frequencies have been widely explored,

providing broadband operation, high data throughput, and low latency to support multi-

user, multi-point, multi-platform communication scenarios. This advancement utilizing

higher frequencies comes with increasing free-space path loss, as well as greater diffrac-

tion and penetration losses for non-line-of-sight applications. To overcome these issues,

high gain and beam scanning antennas, such as phased arrays, are imperative for future

mmWave wireless communication. Electronically scanned arrays or phased arrays offer

rapid beam switching, low pro�le, and high gain with large array aperture. However, the

performance of phased arrays can be hindered by several challenges. The complexity of

the systems and the need for large-scale arrays bring high manufacturing costs and lim-

ited scalability. Traditional rigid and bulky systems are dif�cult to integrate and adapt to

different platforms, especially in conformal applications. In addition, their radiation perfor-

mance degrades at large angles due to reduced effective antenna aperture and impedance

mismatch caused by mutual coupling. There is a demand for low-cost, highly scalable,

�exible/conformal phased arrays with high gain and wide scanning range.

The work presented in this thesis aims to address the aforementioned challenges by

utilizing additive manufacturing technologies and �exible hybrid electronics designs. Ad-

ditively manufactured phased arrays provide a low-cost and customized solution with high

adaptability and scalability. The proposed research �rst investigated and characterized 3D

printing and inkjet printing techniques, and printed �exible materials to evaluate their po-

tential for mmWave designs and applications. Various interconnects are fabricated and

tested for their reliability under mechanical deformation for �exible or deployable sys-

tems. Then, various types of additively manufactured phased arrays, including �exible on-

package phased arrays, conformal tile-based phased arrays, and lens-loaded phased arrays,

are developed and implemented to demonstrate their potential in 5G mmWave applications.
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CHAPTER 1

INTRODUCTION

Next-generation data-driven Internet of Things (IoT) systems, large-scale smart cities, and

wearable electronics for health monitoring are promised by the recent development of

5G/mmWave technologies with broadband operation and ultra-high data rates[1]. This has

created an increasing demand for future System-on-Package designs with complex func-

tionalities in compact modules, which require real-time response, deployable packaging,

and highly integrated modules. These designs are essential for digital twins, structural

health monitoring, robotic applications with stringent (10,000+) bending requirements,

such as those for Industry 4.0 applications, and conformal intelligent metasurfaces. These

systems should be resilient and adaptable performance to bending and on-body effects from

both RF and mechanical perspectives[2], such as massively scalable MIMO enabling the

implementation of antenna arrays with thousands of elements on virtually every conformal

surface. Flexible hybrid electronics utilizing �exible materials and rigid ICs are widely

adopted in wearable designs due to their �exibility, but most of the FHE-based electronic

systems are operating in low-frequency (e.g. MHz) because it is challenging to satisfy all

the requirements for mmWave operation, including reliable performance within broad oper-

ational bandwidth and low parasitic losses from interconnects. More importantly, wireless

communication at mmWave frequencies comes with higher free-space path loss and greater

diffraction and penetration losses for non-line-of-sight scenarios. To overcome these issues,

high gain and beam scanning antenna arrays, such as phased arrays, become imperative for

these systems.[3].

For practical mmWave components and systems, the trade-off between performance,

scalability, and cost is the key challenge. 5G+/6G promises ultra-low latency and a wide

range of 3D coverage, which will tremendously increase the cost of implementation due to

1



the increasing number of required communication nodes. For instance, in massive MIMO

con�gurations, large phased arrays have been used to satisfy the link budget requirement,

however, these arrays are usually bulky and heavy and come only in very limited size that

can limit their adaptability to various end-use cases, therefore, there is no one size for all

solution. In addition, in the case of conventional phased array con�gurations, their radiation

performance is highly dependent on the scanning angle. The gain diminishes at large angles

due to two primary factors: the impedance mismatch caused by mutual coupling between

the antenna elements with reduced element spacing, and the reduced effective geometrical

aperture of the antenna decreases with the scanning angle. For these reasons, there is a

need for customized and adaptable phased arrays that can be fabricated with low cost and

high scalability.

To address the aforementioned challenges, the solution proposed in this work utilizes

additive manufacturing (AM) techniques, including 3D printing and inkjet printing, to cre-

ate on-demand customizable, �exible packaging and recon�gurable on-package phased

arrays for 5G wearable and conformal applications in low-cost and modular con�gura-

tions. This proposed research thoroughly investigates material characterization, reliability

evaluation, fabrication, and assembly processes, as well as the �nal implementation of

various additively manufactured phased array designs for different mmWave applications.

First, multiple 3D printed �exible materials were characterized for their electrical and me-

chanical properties over the 5G/mmW broadband frequency band (26-40 GHz), and the

inkjet-printed interconnects on 3D printed substrates were evaluated through bending tests

for electrical and mechanical performance. Then, a proof-of-concept �exible on-package

phased array with an integrated micro�uidic cooling channel on 3D-printed substrates was

developed, demonstrating good beam steering capability with ef�cient cooling. Such re-

con�gurable design and low-temperature fabrication approach using additive manufactur-

ing can be widely applied to next-generation highly-complex on-demand FHE systems.

The variety of dielectric and conductive materials can also support heterogeneous packag-

2



ing in a multilayer topology. In addition, a tile-based phased array system was implemented

with TX and RX phased arrays, providing high scalability in a modular approach. Finally,

to overcome the limitation of gain vs. scanning range for phased arrays, an additively man-

ufactured lens-loaded phased array was proposed, demonstrating improved performance

compared with traditional designs. The combination of different additive manufacturing

techniques demonstrated in this thesis can lead to fast, large-scale prototyping with en-

hanced material and structural �exibility and enable the production of highly customized

and intricate electronic devices with lower costs and less material waste for future 5G/B5G

technologies.

This thesis is organized as follows:

• Chapter 1 is the introduction, covering the background and motivation of the pro-

posed research.

• Chapter 2 reviews state-of-the-art additively manufactured FHE technologies and

designs, �exible and conformal phased arrays, and lens-loaded phased arrays.

• Chapter 3 documents the characterization of additively manufactured �exible mate-

rials and fabrication process, as well as the evaluation of the reliability of printed

interconnects.

• Chapter 4 presents the �rst �exible on-package phased array with integrated mi-

cro�uidic channels for wearable applications.

• Chapter 5 introduces the modular tile-based phased array system for small UAVs and

SATCOM applications.

• Chapter 6 demonstrates an additively manufactured lens-loaded phased array with

enhanced gain and scanning range.

• Chapter 7 discusses the future work and contributions.

3



CHAPTER 2

LITERATURE SURVEY

As mentioned in the previous chapter, �exible hybrid electronics utilize �exible or soft

materials and integrated rigid components to satisfy the �exibility requirements of con-

formal applications, including intelligent metasurfaces, robotic automation, and structural

health monitoring targeting the industry 4.0 revolution. It is expected that by the end of

the year 2027, the FHE market will grow to US$73 billion [4]. The main advantage of

printed FHE designs compared to traditional rigid PCB based electronics is the versatility

and adaptability for various scenarios. However, this also brings challenges in material

selection, manufacturing, and assembly process, as well as the reliability of both electrical

and mechanical performance under repeated �exing conditions.

Additive manufacturing has become a key enabler for FHE designs because technolo-

gies such as 3D printing and inkjet printing can achieve highly customized structures with

much lower cost and a wide range of conductive and dielectric materials. Flexible sen-

sors, batteries, antennas, and systems have been developed for energy, health, commercial,

and military applications. This section reviews the state-of-art development in FHE design

and mmWave systems utilizing additive manufacturing, along with current challenges and

solutions.

2.1 Additive Manufacturing for Flexible Hybrid Electronics

2.1.1 Materials

The most common rigid components in FHE designs are silicon ICs, which are essential to

building electrical communication. They are typically in thermoplastic packages in the size

of 2-10mm in length and width, and 0.5-2 mm thick, and equipped with soldering pads or
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Figure 2.1: (a) Thinned Silicon IC and Silicon on Polymer [6][7].(b) Printed Biodegradable
Pressure Sensor [8].

leads [5]. The main problem with these packaged ICs is the stiffness that limits the overall

�exibility of the design. On the other hand, by using selective removal techniques, such as

grinding, dry or wet etching, and chemical reaction, thinned silicon ICs can be realized in a

thickness as small as 25um and can be bent to a radius of 5mm without any degradation in

performance [6]. It is also possible to fabricate the silicon IC directly onto �exible polymer

substrates [7].

Commercial ready-to-use �exible substrates have been widely adopted in FHE designs.

Polymide �lms such as Kapton can stand high temperatures and provide a steady thermal

coef�cient of expansion within a wide range of operational temperatures from -269� C to

400� C. These polyimide materials demonstrate good mechanical robustness with certain

degree of �exibility [9, 10]. Polyethylene terephthalate (PET) is also commonly used for
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Figure 2.2: Material Characterization of 3D Printed Substrate [14].

�exible circuit design, which is a thermal plastic polymer that is known for its colorless

and semi-crystalline properties. This is especially popular for transparent applications,

e.g., energy harvesting circuits on window [11, 12]. The main limitation of these com-

mercially available materials is that they cannot support complicated typologies or hetero-

geneous multi-layer integration. 3D-printed �exible materials provide a solution to these

customized designs, but these materials require accurate characterization of both surface

properties and dielectric properties. Previous research has extensively studied the electrical

and mechanical properties of 3D printed and inkjet printed materials [13, 14], but very lit-

tle attention has been given to the material characterization over the mmWave band. ABS,

PLA, and Nylon are popular choices when it comes to FHE designs because they feature

lower RF loss and demonstrate enough mechanical strength [15].

In addition to dielectric materials, various types of conductive materials have been con-

sidered to build electronics on �exible substrates, including inks for printed circuits and

adhesives for component attachment. Polymer-based metal inks and carbon materials are

commonly used in printed electronics. Inkjet printing and aerosol jet printing usually re-

quire low viscosity inks for smooth and high-resolution printed patterns, such as inkjet

printed thin �lm transistors using organic, inorganic inks [16]. Screen printing and direct

6



Figure 2.3: Reliability Testing of Screen Printed Silver Conductors [17].

jet writing utilize inks with higher viscosity inks, like silver paste, which are good for ad-

hesive deposition and large patterns. Currently, there is also a growing interest in transient

and biodegradable materials due to their human body safe or environmentally friendly fea-

tures that are suitable for wearable and agricultural applications. Polycaprolactone(PCL)

and printed gold are used to design a hysteresis comparator to realize a pressure sensor for

biomedical applications such as a device to be implanted or to be swallowed. These de-

vices need to be partially biodegradable, biocompatible, and small in size [8]. However, the

main challenge is the presence of the batteries, which limits the lifetime of the implantable

devices.
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2.1.2 ManufacturingandAssembly

Additive manufacturing technologies have rapidly expanded in both industrial applications

and academic research, offering emerging fabrication methods. Unlike traditional sub-

tractive manufacturing techniques that remove materials from undesired areas, additive

manufacturing methods deposit materials only where needed, reducing material usage and

resulting in cost reduction. This reduction occurs through decreased material consumption

during structural formation and the minimized waste of materials like etchants, solvents,

and coolants. Popular additive manufacturing methods, including inkjet printing and 3D

printing, have been widely adopted in high-frequency designs and applications, such as an-

tennas [18, 19], RFID sensors [20], system-on-chip (SoC) packaging [21], wireless energy

harvesters [22], etc. Inkjet printing technology has gained signi�cant attention in the �eld

of �exible and stretchable electronics due to its many advantages. As a low-cost and versa-

tile additive technique, it enables the deposition of precise patterns with high resolution and

accuracy, making it ideal for printing complex patterns and fabricating multi-layered struc-

tures [23]. It supports the use of various types of inks, including conductive, dielectric,

and biological inks, as well as a wide range of substrates, including �exible, stretchable

materials and 3D-printed structures. Furthermore, inkjet printing is also a highly scalable

process, allowing for the rapid and cost-effective production of large-scale and high-volume

devices [3]. 3D printing, particularly Stereolithography(SLA) and Fused Deposition Mod-

eling(FDM) methods, is favored for RF and mm-wave components due to their smooth

surfaces that reduce conductive roughness losses. Combining additive manufacturing tech-

niques can lead to fast, large-scale prototyping with enhanced material and structural �ex-

ibility, which can support many different types of embedded, conformal, and stretchable

electronics [24, 25].

The attachment of the components is the most important step in the fabrication process.

Conductive epoxy is most commonly used in attaching components onto thermal sensitive

substrates, but the epoxy deposition cannot be effectively constrained only within the pads
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Figure 2.4: (a) 3D Printed Horn Antenna [28]. (b) 3D Printed Patch Antenna [29]. (c) 3D
Printed Re�ectarray [30].

area, therefore a small misalignment of the IC will cause a short between neighboring pins.

Also, the IC detaches easily when the epoxy dries up. Another potential solution is the use

of low-temperature Anisotropic Conductive Adhesive (ACA material). ACA material has

been proven to be a very reliable and mechanically strong adhesive material [26][27].

2.1.3 Reliability

FHE designs are expected to support �ex, bend, stretch, and/or fold, meaning they should

maintain good mechanical and electrical performance during cyclic tests to demonstrate

enough reliability. However, research in reliability and testing is still scarce and has only

been carried out as a complimentary assessment when necessary [31]. Common tests are

conducted based on electronic products' stressors, including temperature/humidity cycling,

twisting, stretching, and bending. For most FHE systems, accelerated testing is more pop-

ular because it can monitor the failure or degradation of the performance. Both monotonic
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Figure 2.5: Inkjet Printed CPW Ramp Interconnects [32].

and fatigue testings of conductors, co-planar waveguides, and antennas have been reported.

An in-situ resistance monitoring system under different twisting angles was developed and

tested with screen printed silver conductors on both polyimide and PET substrates, and the

results suggested reliable performance over 5000 cycles [17].

2.1.4 Millimeter WaveDesignsandPackaging

Different printing technologies have enabled diverse, �exible sensors and antennas for var-

ious applications. Although some past designs have demonstrated the 3D printed antennas,

most of them focused on 3D printed rigid materials, such as horn antennas [28] and dielec-

tric lenses [33]; only a few reported �exible antennas with 3D printed substrates, including

patch antennas below 5GHz [29] and dielectric re�ectarrays at 28GHz [30].

Reducing the very high parasitics in 5G+/6G sub-THz die-to-package/die-to-die inter-

connects and packaging designs is another major challenge. Inkjet-printed silver CPW
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Figure 2.6: (a) Additively Manufactured Multi-chip Module [3]. (b) Additively Manufac-
tured On-package Antenna [34].
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Figure 2.7: Inkjet Printed Flexible Wideband Patch Antenna [37].

lines on SU8 polymer ramps have demonstrated a 5x performance improvement over wire

bonds for die-to-package interconnections [35]. Plus, novel topologies have been reported

that involve additively manufacturing “on-demand” precise cavities with 10um layer height

resolution, accurately placing the die/chiplet inside, and �lling any outstanding minimal

gap with SU-8 polymer ink allowing for minimum length inkjet-printed planar intercon-

nects with over 10x-15x loss reduction compared to wire bonds [32]. Additional reported

additively manufactured multi-layer and multi-material designs have enabled very ef�cient

interconnects between different layers, maximizing volumetric utilization. Printable broad-

band transmission lines with widths and interline spacing well below 20um have also

demonstrated signi�cant advantages over traditional vias or wire bonds. These new in-

terconnection topologies allow ef�cient integration of multiple active IC and chiplet dies,

providing improved matching and reduced interconnect losses in the mmW frequencies up

to the sub-THz frequency range [36].

Recently, the �rst �exible mm-wave on-package antenna with an embedded energy har-

vester has also been reported [34], utilizing SLA printing and inkjet printing. The �exible

module achieved 0.9 V output power at a 20 cm range with 59 dBm EIRP. Nonetheless,
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Figure 2.8: Bendable Wideband Dual-polarized Phased Array [38].

various challenges persist in implementing additively manufactured multi-chip modules on

3D-printed �exible substrates. For example, conductive epoxy is used to attach a diode

onto �exible substrates in [34] because the 3D printed polymer substrates are sensitive to

heat and cannot support thermal processing like soldering, but this poses a challenge for the

accurate attachment of mmWave ICs due to their smaller pad and pin size. Heat dissipation

of the IC may also become a problem with many �exible polymer substrates because their

thermal conductivity is not as good as that of traditional rigid copper substrates like Rogers

[39].

2.2 Flexible and Conformal Phased Arrays

The emerging 5G and mmWave technologies have enabled higher data speeds and wide-

band operations bringing about the development of next-generation Internet of Things,

large-scale smart cities, and wearable electronics for health monitoring, which require large

antenna arrays to satisfy the link budget [40]. With the demand for beamforming to over-

come high path loss in mmWave frequencies, �exible phased arrays become signi�cant

because they feature adaptive beam steerability and deployable structures for various plat-

forms. However, some requirements in fabrication and assembling may limit the total size

of the antenna arrays. Especially for satellite communication systems, the power consump-
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Figure 2.9: Lens Loaded Circularly Polarized Phased Array Antenna [43].

tion is constrained by battery capacity, and traditional large arrays are bulky and heavy

and not suitable for small UAVs. Additionally, the designs need to be highly scalable to

meet the manufacturability requirements. Typically, these challenges have been studied

on a system level to achieve a balance between antenna size and other factors. A simpler

solution has been proposed to have a smaller size light-weight antenna array in an inte-

grated tile-based structure, while maintaining high gain and low cost [41]. Most designs

in past research have all the tiles integrated with phase control and ampli�er circuits in

one board [42], which usually requires multilayer stackup or increases the total area of the

array. Such systems are dif�cult to implement in a �exible con�guration. [38] proposes

a bendable wideband dual-polarized phased array with good radiation characteristics, but

it still utilizes 8 layers of substrates and integrates into a single circuit board. This brings

more challenges in fabrication and scalability, along with higher cost and complexity.

Additive manufacturing can address these issues by inkjet-printing planar phased arrays

onto lightweight and �exible substrates and integrating them with beamforming RFIC in a
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low-cost and ef�cient manner. It provides the possibility to customize array shape and al-

lows for selective deposition of materials in a 3D fashion to enable vertical integration [21].

[37] presents a microstrip fractal patch antenna for integration into �exible and conformal

systems, covering 4.55–4.99GHz frequency bandwidth, utilizing a multi-layer inkjet print-

ing process on the �exible Kapton substrate. However, only a few works have attempted to

integrate the digital beamformers with the �exible arrays. A 256 element �exible phased

array with MCUs and RFICs is presented in [44], operating at 10 GHz and focusing 0.8 W

at 2 m distance. They also utilize Kapton substrates but the system is fabricated through

commercial rigid-�ex PCB technology, which is much more expensive than the traditional

PCB manufacturing process. The challenge for in-house fabrication with these �exible ma-

terials, as mentioned in the previous section, is the attachment and alignment of the RFICs

and different components.

2.3 Lens-loaded Phased Arrays

Phased array antennas are a promising candidate for future wireless communication sys-

tems by offering high gain through large array apertures and mechanically or electrically

controlled beam steering features to overcome signi�cant free-space path loss and greater

diffraction and penetration losses in non-line-of-sight scenarios. However, their radiation

performance is highly dependent on the scanning angle. The gain diminishes at large angles

due to two primary factors: reduced effective antenna aperture and impedance mismatch

caused by mutual coupling. In addition, the design complexity, power consumption, and

fabrication cost signi�cantly increase as the aperture size of the array increases to achieve

higher gain.

To address these challenges, quasi-optical lens-integrated antenna systems have been

proposed as alternative solutions. Taking advantage of additive manufacturing technolo-

gies, such as inkjet printing and 3D printing, various types of lenses can be developed and

fabricated with low cost and high customization. These lens-integrated systems can be
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Figure 2.10: Additively Manufactured Deployable Metasurface Lens [45].

Figure 2.11: A Dielectric Dome Antenna With Reduced Pro�le and Wide Scanning Capa-
bility [46].
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generally characterized in two categories: lens-based beamforming network(BFN) enabled

multi-beam arrays and lens-loaded phased arrays. A well-known type of lens-based BFN

is the Luneburg lens, which can steer the beam in different directions by merely changing

the feed positions. Conventional designs suffer from bulky spherical 3D structures, mak-

ing them dif�cult to integrate into practical applications. Recent work has demonstrated a

2D planar Luneburg lens with a signi�cantly reduced pro�le [47]. [48] reported a stacked

modulated geodesic Luneburg lens array at 56–62 GHz, featuring 2-D beam scanning with

low structural complexity. The lenses are fully metallic and implemented in parallel plate

waveguides, providing 110° beam coverage. The metallic implementation can effectively

improve the ef�ciency of the lens but largely increase the overall weight. Moreover, these

designs demonstrated a narrow impedance bandwidth due to their limited choices of metal-

lic antenna elements. Rotman lens is also a popular type of BFN due to its ease of fabrica-

tion and true-time-delay feature. Although it's inherently broadband, the actual bandwidth

is limited by the practical size and con�guration [49]. The lens-based BFN offers lower

cost and lower power consumption compared to electronically scanning phased arrays be-

cause of pure passive implementations, but the trade-off is the limited number of steering

beams and unavoidable large size.

In lens-loaded array systems, the antenna array, along with the BFN, is independent of

the lens. The lens functions as an additional layer or cover on top of the array to enhance

gain and scanning range. There are mainly two types of implementations: meta-surface

lenses and homogeneous dielectric lenses. Different metasurface lenses have been explored

over the years, in order to improve the �eld of view of a certain array. Most designs in the

past come with a reduction in the directivity at the broadside direction, and with limited

operating bandwidth. Most recently, a millimeter-wave compact metasurface-based wide-

angle scanning phased array reported in [50], achieves a large scanning range from -55° to

+55°, and gain attenuation less than 3dB in the 66-77GHz frequency band. The design has

a 15-layer stackup and is fabricated utilizing LTCC technology. [45] proposes a deployable
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broadband metasurface lens antenna by 3D printing and inkjet-printing technology. The

antenna shows a measured 10-dB impedance bandwidth of 24.0–34.9 GHz (38%), but has

no advantages in enhancing scanning range. With an optimal unit cell design, the metasur-

face lens designs may offer acceptable bandwidth and improved scanning range, however,

such structures always require complicated fabrication process due to the complexity to

create a metasurface element. In contrast, homogeneous dielectric lenses are very straight-

forward solutions with simple fabrication steps. These lenses can be a �at superstrate or

a dome shape, both can be directly 3D printed from commercially available 3D printers.

By using a low loss dielectric material and carefully designing the shape, the wavefronts

can be manipulated to get the desired focusing properties for each application, and the gain

is increased from the larger effective radiation aperture. Several examples of lens-loaded

phased array designs can be found in the literature. [51] reports a 3D printed lens-loaded

antenna array, capable of selecting the main beam between 16 different directions with a

gain ranging from 14 to 16 dBi and a maximum steering angle of 40°. It shows a nar-

row operational bandwidth of 38.3-40GHz because the simple microstrip patch element is

used, and each element operates independently. Similar topology is utilized in [43], which

presents a lens-loaded circularly polarized phased array antenna with a notable high gain

(ranging from 20.1 to 23.7 dBic) over 20.7% bandwidth, by using a 2� 2 patch subarray

as an individual element. However, this con�guration of large spacing between elements

causes a limited scanning range of ±15°. A much wider scanning capability is demon-

strated in [46], showing a maximum scanning angle of 70° and at least 2dB improvement

in gain. However, the main drawback is the limited bandwidth of 15%. More importantly,

most previous implementations only show the lens-loaded array, without actual integration

with any BFN or BFIC.
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CHAPTER 3

MATERIAL CHARACTERIZATION AND RELIABILITY EVALUATION

3.1 Additively Manufactured Flexible Material Characterization

Accurate characterization of dielectric properties, such as dielectric constant and loss tan-

gent, alongside mechanical performance under various radii of curvature up to frequencies

exceeding 40 GHz, is essential for the use of 3D printed materials in �exible/conformal

mmWave applications. This study evaluates common 3D printed materials from differ-

ent manufacturers by employing the Transmission/Re�ection method with WR28 waveg-

uides and extracting dielectric properties using the Nicolson-Ross-Weir (NRW) method.

Mechanical properties, including elastic modulus and Poisson's ratio, were measured via

uniaxial stretching with a universal testing machine and a 2D digital imaging correlation

(DIC) system. Additionally, the fabrication process of inkjet printing conductive inks onto

�exible 3D printed substrates was analyzed. Two types of conductive inks, Silver Nano

Particle (SNP) ink (EMD5730) from Suntronic Chemical and Particle-Free Silver (PFS)

ink from Electroninks, were compared regarding conductivity, adhesion, and printability.

Surface roughness effects were mitigated through sanding, SU8 layer printing, and UVO

treatment. Microstrip lines and ramp interconnects, printed with SNP ink on 3D-printed

Polypropylene substrates, were tested through bending tests over a 1-inch radius of curva-

ture to evaluate electrical and mechanical reliability across the 24-40 GHz frequency band.

3.1.1 ElectricalProperties

The dielectric properties of substrate materials are fundamental for the design of �exible

hybrid electronic systems. Even materials of the same type from different manufacturers

can exhibit variations in their dielectric properties due to differences in fabrication methods
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Figure 3.1: Waveguide Measurements for Material Characterization. (a) WR28 Waveguide
with Sample Holder. (b) 3D Printed Material Samples. (c) Measurement Setup

and material composition [52]. Insertion loss is one of the key performance parameters to

evaluate substrate materials at mmWave frequencies because generating and maintaining

signal power at mmWave frequencies is signi�cantly more challenging than at lower fre-

quencies, and minimizing insertion loss is crucial for ensuring high-quality and reliable

signal transmission at mmWave frequencies [53]. The material properties of substrates,

such as electric permittivity and surface roughness, can signi�cantly impact the insertion

loss. In particular, the real part of the permittivity is linked to dipole relaxation and lattice

vibrations in the mm-wave range. The imaginary part of permittivity, known as loss tan-

gent, corresponds to the ion friction effect that in�uences the loss properties of materials

[15]. The typical value for loss tangent of a commercial substrate for mmWave applica-

tions is smaller than 0.01. It is necessary to create a comprehensive library of common

3D-printed �exible materials for different applications.

Various methods exist to measure these properties, and the selection of an appropriate

technique depends on the material type and its intended application [54]. In this work,
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Figure 3.2: Dielectric Constant of 3D Printed Flexible Materials over 26-40GHz.

the Transmission/Re�ection (T/R) method was employed for wideband characterization of

materials within the 26-40 GHz frequency range, using WR28 waveguides (3.556 mm x

7.112 mm) to measure transmission (S21) and re�ection (S11) coef�cients. Measurements

were conducted using a Shockline 552B Vector Network Analyzer (VNA). Calibration of

the VNA's two ports was performed using A-INFOMW Waveguide Calibration Kits with

short, short, load, and thru standards. A waveguide sample holder with a 2.99 mm thickness

was used to secure the 3D printed material samples, which were fabricated as small cubes

of 3.556 mm x 7.112 mm x 2.99 mm to �t the holder. Six different 3D printed �exible

materials were evaluated: Flexible 80A and Elastic 50A from Formlabs 3 (SLA printer);

TPU 95A, Polypropylene, Soft PLA, and Ninja�ex TPU from Ultimaker S3 (FDM printer).

The waveguide and sample holder setup, along with the system con�guration, are depicted

in Figure 3.1 (a). Figure 3.1 (b) illustrates the 3D printed samples of various materials

prepared for measurement. By combining the measured S-parameter results of material

samples with those of an empty sample holder, the dielectric constant and loss tangent for
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Figure 3.3: Loss Tangent of 3D Printed Flexible Materials over 26-40GHz.

each material were derived using a Matlab program that employed the Nicolson-Ross-Weir

(NRW) method, a standard technique for calculating dielectric properties from S11 and S21

parameters [55]. A minimum of three samples were measured for each material, and the

average values of the derived properties were considered. The extracted properties across

the 26-40 GHz frequency band are presented in Figure 3.2 and Figure 3.3, with the average

values summarized in Table 3.1. The standard deviations of the dielectric properties among

different samples were below 0.1, indicating minimal variation within the 26-40 GHz band.

Materials such as Flexible 80A and Elastic 50A exhibited higher dielectric constants, while

Polypropylene (PP) from Ultimaker showed a very low loss tangent of 0.001, making it

suitable for mmWave �exible modules.

Surface roughness also needs to be taken into consideration when utilizing 3D-printed

materials for FHE designs. Since inkjet printing is usually used as one of the metallization

methods, the poor surface roughness of the substrates will lead to low print quality and
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Table 3.1: Dielectric Properties of 3D Printed Flexible Materials

Material Dielectric Constant Loss Tangent Surface Roughness
Flexible 80A 2.73 0.041 0.641
Elastic 50A 3 0.062 0.902
TPU 95A 2.52 0.027 5.68

Polypropylene 2.34 0.001 0.063
Soft PLA 3.02 0.004 0.312

Ninja�ex TPU 2.12 0.01 1.74

high conductor loss [56]. FDM printers typically generate surfaces with uneven patterns;

thus, accurate surface morphology characterization is necessary to evaluate the properties

of different materials. It should be noted that surface roughness also depends on the printing

setup, and the resulting surface quality can differ depending on the printing pattern used

[57]. All the FDM printed substrates used in this paper were printed with the typical zig-zag

pattern. The highest surface roughness was measured along the perpendicular direction to

the hatching pattern, and the resulting roughness values (Rq) are summarized in Table 3.2.

Compared to FDM printed materials, those printed using stereolithography (SLA) tend to

exhibit smoother surfaces. Among the materials tested, Polypropylene (PP) demonstrates

the lowest surface roughness and, therefore, shows the potential as a substrate for inkjet

printing.

3.1.2 MechanicalProperties

The mechanical properties of 3D-printed �exible materials were also evaluated. The me-

chanical properties of the substrate material affect the performance and reliability of the

functional materials and components printed on top of it, such as conductive traces, sensors,

and batteries. This study utilized a universal testing machine to conduct uniaxial stretching

tests on six different 3D printed materials [58], resulting in stress-strain curves. The curves

were used to measure the elastic modulus, percent elongation at break, and tensile strength
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Table 3.2: Sample Thickness and Mechanical Properties of 3D Printed Materials.

Material Design
Thick-
ness
(mm)

Actual
Thick-
ness
(mm)

Elastic
Modulus
(MPa)

Poisson's
Ratio

Nominal
Tensile
Strength
(MPa)

Nominal
Elonga-
tion at
Break
(%)

Flexible
80A

1.0 0.90 7.42 0.13 2.18 60

Elastic
50A

1.0 1.40 52.89 0.23 0.45 20

TPU 95A 0.2 0.27 31.57 0.36 0.80 350

PP 0.2 0.25 218.15 0.30 NA NA

Soft PLA 0.2 0.24 155.17 0.30 4.56 8

Ninja
Flex TPU

0.4 0.28 11.42 0.36 8.23 550

(nominal) of the materials. Additionally, a 2D digital imaging correlation (DIC) system

was employed to obtain the Poisson's ratios of the materials. Standard sample sizes were

used to characterize all six materials, except for 80A, 50A, and Soft PLA, which required a

smaller size to obtain the complete stress-strain curve. Three samples were tested for each

material, with an additional sample for DIC. The stress-strain curves were based on actual

measurements to consider variations in the printed thicknesses. The �ndings showed that

PP had the lowest surface roughness, an elastic modulus of 230 MPa, and a Poisson's ratio

of 0.40. Unlike the other materials, PP could withstand up to 800 strains without breaking,

making it suitable for wearable SoP structures. The mechanical properties of all six mate-

rials are summarized in Table 3.2. More details of the measurement process and analysis

of the measured results can be found in [59][58].

3.1.3 Ink Characterization

For the metallization method, inkjet printing was used to achieve high resolution print. Fuji

Dimatix DMP-2850, and 10pL cartridges were used to print conductive inks with a 20um
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Table 3.3: Conductivity and Metallization Thickness of Silver Ink

Conductor Conductivity Thickness/Layer

SNP ink 6.68� 106 S 1.1� m

PFS ink 1.73� 107 S varies

drop spacing for 8 layers onto a PET substrate for ink characterization [58]. The conductiv-

ity and elastic modulus of two types of ink were measured: Silver nano particle (SNP) ink

EMD5730 [60] from Suntronic and Particle free silver (PFS) ink from Electronink, which

are commonly used conductive inks for metallization of different �exible substrates. The

SNP ink was sintered at 130°C for 1 hour, while the PFS ink was sintered at 160°C for

30min in the oven. The measured cross sections are shown in Figure 3.4 (a). The PFS ink

exhibited a strong coffee ring effect, which resulted in uneven drying and accumulation of

the ink, primarily along the perimeter of the printed pattern. The calculated conductivity is

1:73� 107S=mfor PFS ink and1:68� 106S=mfor SNP ink. To be an effective conductor

at mmWave frequencies, conductive materials must not only have high conductivity but

also achieve a thickness of at least 3 skin depths [61]. The skin depth is the distance below

the surface of a conductor where the current density has diminished to 1/e of its value at

the surface. It is inversely proportional to the conductivity of the silver ink at a certain

frequency. At 30 GHz, SNP ink needs at least 2.205um, while PFS ink needs to have at

least 1.35um. Considering the coffee ring effect of PFS ink after sintering, it would be

dif�cult to uniformly satisfy the skin depth requirements in the cross-section, meaning the

effective resistance will signi�cantly increase, thus bringing in additional conductor loss.

Additionally, the required sintering temperature of the PFS ink is much higher than that of

the SNP ink, which could pose a challenge to many 3D-printed polymer substrates that are

highly sensitive to thermal treatment. A potential solution to this challenge is to use UV

sintering instead of heat sintering to avoid any potential thermal damage to the substrate.

The nanoindentation technique was employed to obtain the elastic moduli of two inks

[58]. Speci�cally, a 1 cm x 1 cm square was printed using each ink, and the Hysitron
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Figure 3.4: Cross Section Measurements of SNP Ink and PFS Ink

Figure 3.5: Comparison of Surface Morphology of Inkjet Printed SNP Ink on PP Substrate.
(a) SNP Ink Trace on PP Substrate Without SU8. (b) SNP Ink Trace on PP Substrate with
SU8.

Triboindenter was used to perform the nanoindentation. To obtain accurate material prop-

erties, it was crucial to ensure that the loading portion of the curves followed the same

trend as the unloading portion and that the indentation depth was signi�cantly smaller than
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the thickness of the ink layer. Nine indents were performed on each of the ink, with the

load linearly increasing from 25uN to 100uN. The PFS ink demonstrated an average elastic

modulus value of 2.08 GPa, while the SNP ink demonstrated an average elastic modulus

value of 7.72 GPa.

The evaluation of the fabrication process is crucial for the successful design and pro-

duction of �exible hybrid electronic (FHE) devices. Optimizing the inkjet printing process

on 3D printed substrates is necessary to understand the capabilities and limitations, thereby

enhancing the reliability and performance of the �nal prototype. This study utilized silver

nanoparticle (SNP) ink to assess the inkjet printability on various 3D printed materials.

The quality of silver ink printing on these materials is primarily in�uenced by two factors:

surface wetting and surface roughness. Surface wetting can be improved using UV ozone

(UVO) treatment, a simple and ef�cient technique to increase the hydrophilicity of plastic

surfaces. The optimal duration of UVO treatment varies for different substrates; for in-

stance, a 3-minute cleaning period was found to yield the best SNP ink printing quality on

polypropylene (PP) substrates [59], as shown in Figure 3.5 (a). Surface roughness, result-

ing from the printing techniques and features, can be mitigated by sanding the material's

surface using a hand sander. For example, SNP ink adheres well to SLA printed materials

like Flexible 80A and Elastic 50A after sanding. However, for FDM printed materials, the

inherent uneven pattern cannot be fully eliminated by sanding. Therefore, a buffer layer be-

tween the silver ink and the substrate is necessary. SU-8, an epoxy-based photoresist with

a dielectric constant of 3.2 and a loss tangent of 0.04 at 24.5 GHz [62], serves this purpose

effectively [59]. Figure 3.5. (b) illustrates the surface morphology of inkjet-printed silver

traces on PP substrate with and without SU8 buffer layers. The presence of the SU8 coating

eradicates the uneven pattern, resulting in a much smoother silver trace. This signi�cantly

enhances print quality and minimizes the likelihood of cracking during bending.
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Figure 3.6: Comparison of Insertion Loss of inkjet printed microstrip line samples on dif-
ferent substrates

3.2 Printed Interconnects and Reliability Evaluation

3.2.1 Inkjet PrintedMicrostrip lines

To validate the electrical properties of 3D printed PP substrates and con�rm the feasibility

of the fabrication process, microstrip line samples were fabricated on 3D printed PP sub-

strates using the inkjet printing process as mentioned above. As a benchmark, microstrip

line samples were also fabricated on 3D-printed soft PLA, PET, RO4350B, and RO4003C

substrates. The dielectric properties, substrate thickness for each material, as well as the

corresponding line width to achieve impedance matching at 50 Ohm, are recorded in Ta-

ble 3.4. All samples were of uniform length (3 cm) and measured using the same VNA.

The effect of end launch connectors was removed from the de-embedding process. The

de-embedded insertion loss was recorded and plotted in Figure 3.6 (f) and summarized in

Table 3.4. The average S21 was calculated as the mean between the maximum and mini-

mum insertion loss over 20-40 GHz. The results demonstrated that the S21 measurement

values were consistent with the dielectric properties of the different substrates. Speci�-

cally, the PP substrate exhibited low insertion loss, less than 0.1 dB/mm up to 40 GHz,

comparable to commercially available RF substrates such as RO4003C and RO4350B.

Different metallization thicknesses of 3, 6, and 9 layers of silver ink were printed,
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Table 3.4: Inkjet Printed Microstrip Line Samples on Different Substrates

Material Dielectric Constant Loss Tangent Substrate Thickness Trace Width S21 (dB/mm)

Polypropylene 2.34 0.001 0.2 0.55 0.07

Soft PLA 3.01 0.004 0.2 0.5 0.1

RO4350B 3.66 0.0037 0.17 0.35 0.1

RO4003C 3.38 0.0027 0.203 0.47 0.075

PET 2.9 0.008 0.12 0.33 0.15

and the de-embedded insertion loss of different prototypes was shown in Figure 3.7. The

results revealed that the 9-layer samples had the lowest loss, and the insertion loss of all the

samples with different ink thicknesses was below 0.15 dB/mm, which is consistent with the

difference in conductivity and low loss tangent feature of the PP substrate. The standard

deviations in insertion loss increased as the frequency increased because higher frequencies

are more sensitive to surface imperfections. However, the standard deviation values of all

three sample thicknesses were similar and relatively small, indicating good repeatability in

the sample fabrication.

To further investigate the reliability of microstrip lines with different metallization

thicknesses (number of inkjet printed conductive layers) using the proposed fabrication

method, monolithic bending tests and cyclic bending tests were conducted [58]. Four sizes

of cylindrical polycarbonate mandrels (outer radius: 1-4 inches) were used to sequentially

bend microstrip lines wrapped around them, with the ink layer facing outward. S21 mea-

surements were taken before and after bending, with the smallest mandrel inducing the

largest insertion loss, as shown in Figure 3.7. The insertion loss increases as the microstrip

line samples experience the tensile strain at bending compared to the �at condition. The

9-layer sample showed the lowest loss in both the �at and bent con�gurations. All samples

maintained good transmission at bending radii greater than 1 in, with minimal damage to

the ink structure.

An automated mandrel testing system was then designed for cyclic bending tests. The

experiments involved taking S21 measurements before and after 1000, 5000, 7500, and
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Figure 3.7: Measurement Results of Monolithic Bending Tests of Inkjet Printed Microstrip
Line Samples.

10000 bending cycles for three sets of samples comprising 60 mm long microstrip lines

with 3, 6, and 9 layers. The results, presented in Figure 3.8, indicate that the insertion loss

of the microstrip lines increased with the number of bending cycles, attributed to fatigue
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Figure 3.8: Measurement Results of Cyclic Bending Tests of Inkjet Printed Microstrip Line
Samples.

failures in the printed ink structure. However, the extent of insertion loss changes varied

based on metallization thickness. While the 9-layer samples displayed the best electrical

performance before bending, they exhibited the worst reliability. In contrast, the 3-layer

samples showed stable S21 during bending cycles but had low conductivity. The 6-layer
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Figure 3.9: Fabrication Process of Inkjet Printed 3D ”Ramp” Interconnects.

samples exhibited an insertion loss smaller than 0.1 dB/mm for all frequency bands, mak-

ing them the optimal choice for inkjet printing silver traces to achieve a balance between

good electrical and mechanical reliability for 5G and mm-wave �exible and wearable ap-

plications.

3.2.2 Inkjet PrintedRampInterconnects

The successful realization of robust �exible electronics designs relies heavily on the ef-

�ciency of various interconnects among different devices within multi-layered and multi-

material topologies. Conventional interconnections in the mmWave spectrum often rely on

thermosonic ribbon or wirebonds to establish connections between ICs and the host pack-

aging substrate or printed circuit board (PCB), often exhibit limitations like increased loop

length, elevated parasitic inductance at high frequencies, and notable discontinuities [3].
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Figure 3.10: Prototype Images of Inkjet Printed Ramp Interconnects Interfacing A MMIC
GaAs Attenuator Die. (a) Die Attachment. (b) Inkjet Printed SU8 Ramps. (c) Inkjet Printed
SNP interconnects. (d) Fabricated Sample.
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They can inadvertently cause radiation losses due to the arching nature of bond wires. In

contrast, additively manufactured interconnects offer a more robust, planar, and adaptable

structure, resulting in enhanced RF performance, especially in challenging con�gurations.

The utilization of additive manufacturing technologies such as inkjet printing and 3D print-

ing enables on-demand packaging capabilities with a variety of materials, facilitating the

creation of diverse customized components that can be swiftly assembled in a heteroge-

neous topology.

The ramp interconnect samples used for the reliability tests consist of a microstrip line

and a 0dB �xed attenuator die KAT-0-D+ from Mini-Circuits. The MMIC die has the di-

mensions of 700um in width, 750um in length, and 100um in thickness. The microstrip line

is aimed to help with measurements and evaluation of bending over various radii. Rogers

3003 material with 0.13mm dielectric thickness and 17um copper thickness was chosen

to ensure enough �exibility for bending tests. The fabrication process is demonstrated

in Figure 3.9. A MicroChem SU-8 polymer-based dielectric ink was �rst deposited onto

the substrate using Fuji Dimatix 2850 inkjet printer to create the microstrip line pattern

with a center gap of 1400um and a center pad of 700um by 750um, which was used for

die attachment in the following steps. The SU8 ink was then cured by UV exposure, and

the uncovered copper was etched off using Ferric Chloride to reveal the printed pattern.

Ground vias were made by drilling through the center pad and �lling the drilled hole with

LPKF silver paste, followed by 30min thermal curing under 160� C in the oven. Once the

base substrate with the microstrip line with die attach was ready, the attenuator die was

carefully placed onto the center pad using a pick-and-place tool, and silver epoxy was used

to allow for a reliable attachment between the die and the pad.

To fabricate the ramp interconnects, 12 layers of SU8 ink were inkjet printed in a novel

“staircase” fashion with varying lengths, from 350 µm to 100 µm with every 2 layers de-

creasing by 50 µm, to form a rugged and smooth ramp transition from the edge of the

microstrip line to the edge of the die, as shown in step 7 from Figure 3.9. For each layer
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of SU8 for the ramp, the printing pattern was designed to be a square shape covering the

whole MMIC, with a slot opening for the RF in/out bonding pads only, as shown in Fig-

ure 3.10 (b). This step aims to fortify the MMIC attachment while ensuring the ramp

base's durability to withstand bending across curved surfaces. The end of the ramp is also

extended 20 µm to the edge of the die and 30 µm to the edge of the microstrip line to help

create a seamless exterior for the interconnects. The selected effective length of the ramp

interconnects along the substrate is 400 µm, a choice made to align with the typical length

of conventional bond wires [63] and established practices in additively manufactured inter-

connects found in the existing literature [3][64] that operate in the same frequency band.

The printed SU8 ”ramp” was �rst baked with a 60–120°C ramp over 10 minutes, followed

by a 250 mJ/cm2 exposure of 365 nm ultraviolet (UV) light and a 100°C bake for 7 min-

utes. The baking cycle was aimed to improve the adhesion and mechanical strength of the

SU8 ramp. Afterward, a 2-minute UV Ozone(UVO) treatment was performed to improve

surface wetting and ink adhesion for silver.

For each interconnect, a short tapered line of 400 µm in length was inkjet printed onto

the ramp using silver nanoparticle(SNP) ink EMD5370 from Sunchemical. The tapered

line connects the microstrip line with 320 µm width to the RF input/output pad of the

attenuator die with 125 µm width to help achieve better impedance matching. Three layers

of SNP ink were deposited in total to ensure good electrical connection and ink coverage.

The printed SNP ink was then dried and half-sintered under 90°C for 10 minutes. Finally,

UV sintering of 830 J was applied using Xenon X-100 to fully sinter the printed silver ink.

The fabricated prototype is shown in Figure 3.10. Traditional thermal sintering of 130°C -

160°C for 1 hr can be an alternative sintering method to achieve higher conductivity. UV

sintering was used in this paper to show the potential application of the proposed fabrication

process onto other �exible substrates that cannot stand high temperatures, e.g., 3D printed

�exible polymer materials [65].

Three samples were prepared and measured to characterize the RF performance of the

35



Figure 3.11: Average Deembedded Insertion Loss for Each Inkjet Printed Ramp Intercon-
nect.

fabricated ramp interconnects. The microstrip lines connected to the MMIC attenuator die

can be de-embedded using Thru, Line, Re�ect (TRL) calibration method [66]. The refer-

ence planes are denoted in Figure 3.10. The average de-embedded results in Figure 3.11

reveal that each inkjet-printed ramp interconnect contributes less than 1.2dB insertion loss

across the 20-40GHz frequency band. Table 3.5 compares the performance of state-of-the-

art additively manufactured interconnects, noting that factors such as ink conductivity, met-

allization thickness, and interconnect structures in�uence the insertion loss. This study's

design exhibits performance comparable to other inkjet-printed designs due to the use of the

same SNP ink and measurement setup. While aerosol jet printing offers advanced designs

at higher frequencies with better resolution, it incurs higher costs and issues with prototype

durability [3, 64]. The reported low-loss aerosol jet printed interconnects show only 0.2dB

insertion loss per interconnect up to 40GHz but are prone to cracking. This research high-

lights the unexplored �exibility and reliability of additively manufactured interconnects,

which will be the focus of subsequent sections. The insertion loss per ramp interconnect
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