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ABSTRACT

Design and additive manufacturing of four different antennas that operate at microwave frequency
is proposed. The designs were prototyped on flexible FR4 substrates to make them suitable for
wearable sensors and biomedical applications. Contact and non-contact printing methods for
antenna fabrication using screen printing and aerosol jet printing (AJP), respectively, were
extensively studied as part of this research. Ansys High Frequency Structural Simulator (HFSS)
was used to design and simulate the antenna characteristics. Nanoparticle silver ink, of ~10nm
size, was used to fabricate antennas under AJP method. In addition, a screen-printing approach
using copper paste was used to fabricate antennas. A vector network analyzer (VNA) was used to
experimentally verify the nature of fabricated samples. The reflection coefficient (S11) and
radiation patterns for the simulated design and fabricated samples were found to align closely. A
return loss of -10 dB was achieved for the wide range of operating frequency. This demonstrates
the effectiveness of the proposed antennas. Compact sizing, simplicity of manufacturing, a larger
impedance spectrum, simple design, and high performance are some of the major advantages of

the proposed additive manufacturing method.
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Chapter 1

Introduction

In recent years, additive manufacturing (AM) has become an interesting approach for fabricating
printed electronics because of its capacity to build complicated shapes with great precision. The
commercial usage of AM dates back to 1987, when 3D systems introduced stereolithography (SL),
a technology that uses a laser to solidify thin layers of ultraviolet (UV) light-sensitive liquid
polymer [1]. Since then, different manufacturing methods such as material extrusion, sheet
lamination, direct energy deposition, material jetting, binder jetting [2] have been introduced in
the industry based on different types of applications. Many researchers have contributed to the
study of the printing capabilities, electrical characteristics, procedures for synthesis of fundamental
nature of the metallic, organic, and inorganic nanomaterials [3]. The ability to create smart
electronics devices and circuits on flexible and rigid substrate using additive manufacturing
process is one development that inspired an entire printed electronics industry. Commonly used
electronic components such as transistors, sensors and displays have been printed using AM
methods. Printed electronics have numerous benefits compared to conventional electronics
production processes, such as cheaper prices, more design flexibility, and the ability to print on a
wide range of substrates that include ceramics, metals, thermoplastics. Various application areas
in the medical field, wireless communication systems, and aerospace use printed electronic devices
such as sensors, actuators, and antennas that need to be structured properly to achieve suitable
mechanical and electrical performance. Inflexibility due to form factor and weight considerations
has always been one of the main impediments to technical improvements of next-generation loT

connected devices [4]. However, advances in engineered materials have been used to improve



flexible electronics. Flexible electronic devices are more likely to be lightweight, portable, less
costly, less harmful to the environment, and biodegradable [5].

Today, with information being shared wirelessly, it is essential for the flexible electronics industry
to integrate flexible antennas operating in desired frequency bands. The demand for flexible
wireless devices has been increased tremendously in health-monitoring systems and daily-life
wireless devices. This trend is also driven by the increasing popularity of portable devices like
digital watches, cell phones, eyewear devices.

Since flexible antenna unlike rigid antennas can be integrated with or worn on the body in the form
of accessories, there is a growing number of potential biomedical applications where microwave
antennas are specifically used. Some of the widely used applications are in the detection of breast
cancer [6], bone fractures [7], chemotherapy [8], hemorrhages [9], heart failure detection [10],
continuous glucose monitoring [11]. Microwaves have an advantage over other methods like
chemotherapy and imaging due to their non-ionizing radiation and non-invasive application,
allowing for longer-term exposure to the human body without causing harm [12]. In contrast, X-
ray exposure can be fatal to the human body, making microwave systems a safer option if practical
limits are followed. With microwave systems, longer-term exposure can result in improved
imaging while still ensuring the preservation of the tissues. Microstrip antennas, commonly in
biomedical applications, were used in this study because of their low profile, light weight, and
simplicity of integration with other components. Moreover, they are compatible with flexible
substrates, making them appropriate for wearable sensors and implantable devices.

In this research, four different asymmetric coupled-stripline (ACS) fed microstrip antenna is
designed, simulated in Ansys HFSS, and fabricated using two additive manufacturing methods,

AJP and screen printing.



Objective of the research:

1.

2.

To design a flexible, and functional antenna.

To fabricate antenna using additive manufacturing process.

To understand the influence of different parameters used in aerosol jet printing.
To compare the results of contact printing and non-contact printing.

To evaluate the performance of antenna based on reflection coefficient.

Organization of the research:

This thesis is organized into 5 chapters. The first chapter describes the introduction of the study in
additive manufacturing process. The second chapter focuses on the techniques and the process
used in the work. The third chapter explains the methodologies and the experiment performed. The

fourth chapter details on the results and discussion of the research. The fifth chapter discusses

about the future work and concludes the thesis.



Chapter 2

Background

This chapter covers all the techniques and terminology used in the research. The basic principle
involved in aerosol jet printing and screen printing are explained in detail along with the
introduction of the software used to design the antenna. The KEYENCE model microscope and
Keysight model VNA are also introduced as they were used to study the image of fabricated

antenna design and measurement of antenna respectively.

2.1 Additive Manufacturing

Additive manufacturing (AM), known popularly as 3D printing, is a process of adding layer upon
layer of material (ceramics, metals, or plastics) to create an object. The process starts with
converting a design from any professional CAD software to the STL file format and manipulating
the file for the specific machine setup requirement, building the parts, and following up with the
post-processing method as shown in figure 1. Compared to conventional manufacturing methods,
additive manufacturing processes have several benefits such as design freedom, versatility,
optimization of the parts, and increased resource efficiency [13]. Over a time, names like rapid
prototyping [14], layer-based manufacturing or, solid freedom fabrication have given way to AM
for defining the overall manufacturing process. AM can generate intricate patterns and geometries
that might be challenging to make using other techniques. It makes productive use of raw materials
and creates minimal waste while maintaining satisfactory geometric accuracy [14], [15]. The main
features that help AM stand out from the traditional manufacturing processes are the type of

materials that can be used with AM, high-speed CNC machining, and the resolution of the design.
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Figure 1. Different phase involved in AM process [16]
Different manufacturing methods based on different principles of application and uses are
employed in industry. Examples include selective laser melting (SLM), fused deposition modelling
(FDM), selective laser sintering (SLS), which is generally used to melt or soften the materials to

create the layers, and stereolithography (SLA) which cures liquid materials [17].



2.1.1 Printed Electronics

The methods of printed electronics (PE) are used to fabricate electronic devices and circuits. This
is a combination of text or graphic printing and electronic fabrication that allow the production of
standard electronic devices/circuits which are eco-friendly, wearable, flexible, and lightweight
[18]. PE is a growing field for functional nanomaterials, with applications ranging from flexible
circuits and displays to electronics packaging and environmental and biomedical sensors. It is
possible for printed electronics to provide sustainable and bio-degradable solutions which can
reduce the amount of electronics waste produced by a growing amount of disposable electronics
[19], [20].

Researchers have demonstrated printed electronic components which are passive, active and
sensor. Active components use the nonlinear behavior of printed materials, and sensors are built
based on the electro-mechanical characteristics of the printed structures, whereas passive
components are designed and made based on electromagnetic properties of printed materials and
shapes [21]. Antennas, RFID tags, gas sensor, temperature sensor, humidity sensor, color displays,
OLEDs have been fabricated on a thin and flexible substrate [22], [23].

Three main steps included in printed electronics are: 1) Material selection, 2) The printing process,

and 3) The post-printing process as shown in figure 2.



Electronic Step
Printing Steps 2
Selection Post-Printing
Inks . ® Chemical sintering
° C_onduc.tlng  Electrical sintering
L] Dlele_ctrlc } ® Microwave sintering
¢ Semiconducting ® Photonic sintering
Substrate ® Plasma sintering
® Natural polymers e Thermal sintering
® Synthetic polymers

* Contact printing
* Non-contact printing

Figure 2. Steps of electronics printing

Different substrates and inks are chosen wisely based on the printing process used. The printing
processes are further classified into contact printing and non-contact printing as shown in figure 3.
In contact printing, the ink is in direct contact with the substrate. In non-contact printing, the ink
1s deposited onto the substrate through a nozzle. The selection of ink, the printing process, and the

post-processing method are carried out based on the material used.



Printing Technologies

Contact printing Non-Contact printing
1. Flexography 1. Aerosol printing
2. Gravure printing 2. Inkjet printing

3. Offset printing

4. Pad printing

5. Screen printing

Figure 3. Classification of printing process

Printed electronics offer various advantages compared to the traditional manufacturing techniques.
Some of the advantages were categorized by Kunnari et al. in terms of eco-design, which includes
efficient material use, reduced use of hazardous compounds, and lower energy consumption during
both the manufacturing and use phases [24]. The printed electronic devices also have advantageous
physical properties, such as low weight, ability to stretch, and resistance to folding or bending,
which are not achievable using traditional electronics [25]. Different printed electronic
components can be found in everyday usage in radio frequency (RF) components, sensors, energy

harvesting and storage, displays and many others.

2.2 Aerosol Jet Printing

Aerosol jet printing (AJP) which is under the umbrella of additive manufacturing has lately

emerged as a potential manufacturing process for a wide variety of applications. It is a type of 3D



printing technology that uses a high-velocity jet of particles to deposit material on a substrate. It is
commonly used to create micro-scale structures and patterns on a variety of materials, including
metals, ceramics, and polymers. The technology can be used to print electronic devices, such as
sensors and transistors, as well as other micro-scale structures, such as microfluidic devices and
bio-medical implants.

There are different parameters that affect the deposition of the ink on the substrate, like sheath
flow, aerosol flow, atomizer voltage, deposition nozzle size, and aerosol droplet size. Other
parameters for the optimization of the deposition include print speed which can affect the thickness
of the ink deposition, working distance between nozzle end and substrate, and platen temperature
which can dry the ink on the substrate. AJP offers advantages that complement many existing
approaches because of its non-contact, line-of-sight, and digital nature. The printing process
accurately controls the location, geometry, thickness of the deposit and produces a smooth surface
to ensure optimum antenna performance [26].

The NanoJet Desktop printer by Integrated Deposition Solutions (IDS) is employed to run the

experiment for aerosol jet printing process. The basic collimation process is shown in figure 4.

_ Polydispersed
Aerosol Droplets
- N,

2"! Lens Focuses
Smaller Droplets

Lens (orifice)

Figure 4. Computational fluid dynamics model showing how different aerodynamics lenses are
used to collimate a polydisperse aerosol stream [27]



In the figure, the first gas stream is aerosol flow which contains aerosol droplets for the printing
and the second gas stream is sheath flow which is used to concentrate the aerosol droplets into
finely collimated beam that can be impressed onto a surface to produce a printed feature. The two
gas streams merge and travel through a series of aerodynamic lenses, as depicted, to cause

collimation [27].

2.2.1 Physical process involved in AJP

The physical process involved in the printing is shown in figure 5. The process begins in the aerosol
chamber where the printing ink is stored. The functional nanoparticle is placed into the ink vial
inside an atomizer. The ultrasonic transducer atomizes the ink into an aerosol where the
atomization of the ink is controlled by atomizer voltage. The carrier, or atomizer gas flow, then
carries this aerosol out of the vial and in the direction of the deposition head.

. 2. Transport
Carrier gas 7
N 3

(i 4
Functional Ink

1. Atomization

3. Collimation |

4. Aerodynamic
Focusing

5. Impaction H

AJP |

Figure 5. Physical process involved in aerosol jet printing

A carrier gas then aerosolizes a functional ink and delivers it to the substrate as shown in figure 6,
achieving resolution as fine as 10 pm with speed easily reaching up to 200 mm/second. The sheath

gas is introduced, surrounding aerosol to help it focus and prevent from clogging. Droplets are

10



aerodynamically focused as they pass through a deposition nozzle because of inertial effects in the
narrow, nozzle’s converging. The droplets are then released in an impinging jet in the direction of

the substrate [26].

Sheath | -
Gas

!

Sheath
Gas

:

Carrier
Gas Flow

Water Bath

Ultrasonic Transducer

Figure 6. Ultrasonic atomization process

2.2.2 Focusing Ratio

The line geometry depends significantly on the focusing ratio. It is the relationship between the
sheath gas flow rate and atomizer gas flow rate and is depicted as:

Sheath Gas Flow Rate

Focusing ratio = -
& Atomizer Gas Flow Rate

As the sheath gas flow rate controls the deposition rate, it is recognized that the focusing ratio is
essential for controlling the line features and resistance. The line deposited on the substrate
depends on this ratio whether it prints a fine line or thick line on each pass. With a constant carrier
gas flow rate and speed rate, the line width decreases, and the thickness increases as the sheath gas

flow rate or focusing ratio increases. But the thickness of the line decreases with the increase of

11



speed rate [28]. Different parameters were optimized on this research to understand its effect to

produce a high-resolution conductive line.

2.2.3 Software used in AJP

Two computer programs called Flow Vision and Flashcut CNC software were used to run the
printing process. Flow Vision is used to control the flow of the sheath gas flow and atomizer gas
flow. All the antenna designs were created on Ansys HFSS (High Frequency Structural Simulator).
The generated DXF file from Ansys HFSS were used in Fusion 360 to create the G-code file. The
G-code file then is loaded into the Flashcut CNC where the motion of printing is controlled. The
G-code based controller allows end users to select an off-the-shelf CAM system to make print

toolpaths for the nanojet printer.

F¥ Flow Vision - 1.3.380 - o X

Edit layout Help Debug

B Sheath(a) (3) o) =]

General | Info

B [=r==]
(General o

Sy W] [siduos @& [seamaq

| ‘e

Valve Offset

Type: Single
D Vs ©POF oier:[28997 | %
Flakel0 | O P21 -

et

Figure 7. Flow Vision software showing sheath flow rate and atomizer flow rate
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Figure 8. FlashCut CNC with G-code

2.2.4 Silver and its uses

The functional nano particles silver ink used in our research is from UTDots. UTDAg (UTDots
Ag40X) is made up of silver nanoparticles with an average size of approx. 10 nm that are
disseminated in a liquid carrier. Because of their stabilized surfaces, UTDAg inks are stable at
room temperature and are readily soluble in nonpolar organic solvents [29]. Silver nanoparticles
are highly conductive and have a high signal capacity. They have unique physical and chemical
properties due to their small size and are used in a wide range of applications including medicine,
electronics, and environmental remediation. In medicine, silver nanoparticles are used as
antimicrobial agents which can make them useful in biomedical-related products such as
implantation and wound dressings, while in electronics they are used as conductive agents in

products such as computer hard drives and LCD screens [30].

2.3 Screen Printing

Screen Printing is a process for creating a picture or pattern where ink is pushed through a stencil

or mesh which is made of plastic, steel, or metal fiber. The stencil, also referred to as a "screen,"
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is made by blocking off areas of the mesh with a non-permeable material, leaving only the desired
image or design visible. The fundamental components of screen printing are screen mesh,
squeegee, substrate, paste, and base. The screen mesh contains the specific pattern through which
the paste is passed and deposited onto the substrate. The squeegee helps to push the paste from the
pores of the screen. The mechanical force that the squeeze exerts against the screen mesh makes
it easier for the paste to ooze through open pores [31].

The general schematic of screen printing is shown in the figure 9. The substrate rests on top of the
working base. The paste is swiped on the screen frame with the help of a squeegee. It is important
to leave some distance between the screen frame and substrate to prevent the paste flooding under
the stencil. This distance between the screen frame and the substrate is called snap-off. Drying of
the paste depends on the ultraviolet (UV) curing, oxidation, or blowing air onto the deposition of
paste on the substrate. The quality of deposition depends on the paste rheology, composition,
texture, thickness of the screen, and snap-off distance.

The printing process involved in screen printing is considered simpler and less expensive than
traditional fabrication methods like the vacuum deposition technique and photolithography [32].
The method is recognized as affordable, suitable for mass production, and easy to work with a
wide range of substrate [33]. Once the initial setup is complete, printing products in large quantities
is relatively rapid and simple, making it cost-effective. Studies have demonstrated screen printing
to print electrodes, sensors, carbon electrode. The general schematic for Screen Printing is shown

below.
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Figure 9. Schematic of screen printing

2.3.1 Copper paste

Copper paste is considered a plausible replacement for silver paste in the future due to the expense
of silver nanoparticles [34]. This can be used in the application of flexible electronics where the
paste is used as a conductor to connect the various components of the device and to transport
electrical current. The paste is typically screen-printed onto a flexible substrate, such as a plastic
or polymer film, in a pattern that corresponds to the electrical circuit of the device. The paste is
then cured, typically through heating or UV exposure, to solidify the copper and create a
conductive trace. It is required that the paste must have good adhesion to the substrate and must
maintain its conductivity even when bent or folded.

There are some limitations to using copper paste since it is more prone to oxidation, which is why
research is ongoing to improve the performance of copper paste used in flexible electronics,
including development of new formulations of paste, new curing methods, and new substrate
materials to improve the performance of the devices.

The copper paste used in this research is LF-350 from Copprint. With the inclusion of nano Copper
particles, Copprint LF-350 offers oxidation-free, high conductivity, as well as quick self-sintering

and curing at 200°C [35].
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Figure 10. Copprint copper paste LF-350 [36]

2.4 Printed Circuit Board (PCB) Fabrication

Printed Circuit Boards (PCBs) are the foundation of all significant electronics. In simple language,
a PCB is a circuit board that transmits electrical impulses among electronic devices to meet the
board’s electrical and mechanical circuit needs. To fabricate a PCB, a sheet of copper is typically
layered over an insulating material. Excess (non-circuit forming) copper is then eliminated via
etching, leaving behind the required circuit design. Different steps like design, etching, drilling,
surface finish, soldering, profiling, and V-Scoring is also often involved in the fabrication of PCB

board [37].

2.5 Ansys HFSS

Ansys HFSS (High-Frequency Structure Simulator) is a simulation software used to model and
analyze the behavior of electromagnetic fields in high-frequency and high-speed devices such as

antennas, microwave devices, and RF (radio frequency) circuits [38]. It uses the finite element
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method (FEM) to solve Maxwell's equations, which govern the behavior of electromagnetic fields.
HFSS can be used to simulate a wide range of devices and systems, including:

e 3D electromagnetic (EM) simulations for antenna design and analysis

e EM-circuit co-simulation for RF and microwave devices

e EM-thermal analysis for power amplifiers

e EM-structural analysis for antenna-structure interactions

e EM-circuit-thermal analysis for power amplifiers and RF components

e EM-circuit-structural analysis for antenna-structure-circuit interactions

HFSS has a graphical user interface and a scripting interface, which makes it user-friendly and
allows for automation and parametric studies. It also supports various types of simulation methods
such as frequency domain, time domain, and harmonic balance.

The software simulates and evaluates the design based on the desired goals. The radiation pattern,
S-parameter plot, movement, fatigue, fractures, fluid flow, temperature distribution,
electromagnetic efficiency, and other effects over time can be generated from the software [39].
Once the simulation is done, the design is exported for the fabrication process. The AutoCAD
DXF file is one of the most common exported file formats. To export the design, the model is
extracted along the XY plane. Each component of the model is extracted and saved separately in
a DXF format. The components are then imported back into the Ansys HFSS software in their
DXF formats, combined by placing each exported layer on the other, and then exported as one file.
The final exported formats depend on the fabrication company’s requirements. All the design

simulation in this research is done via Ansys HFSS.
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2.6 FR-4 Paper

The dielectric material used in printed circuit boards which is frequently used is FR-4. The "FR"
represents for flame retardant, while the "4" represents for woven glass-reinforced epoxy resin.
The FR-4 dielectric constant varies from 3.8 to 4.8 based on the type of glass weave, thickness,
and the resin content. It is used in a wide range of electronic devices, from small consumer
electronics to large industrial systems. While the specific properties of FR-4 may differ among the
manufacturers, the different advantages of FR-4 materials include low-cost material, high
dielectric strength, ability to bear mechanical load, resistance to moisture, higher glass transition
temperature, and higher decomposition value [40].

The flexible FR-4 paper used in our research is HF FR4 sheet from Kunshanshi Honglei

Electronics Technology Co. Ltd. which has a thickness of 0.1 mm.

2.7 KEYENCE Microscope

The KEYENCE microscopes are well-known for their high-resolution imaging and advanced
measurement capabilities, and they are used in a variety of industries including electronics,
semiconductors, and biotechnology. The Keyence Microscope VHX-S750E was used in our
research to take all the magnified images of the samples. The user only needs to position the target
on the stage; alignment, focus adjustment, magnification switching, and other tasks are all totally
automatic after that. Even beginner users can perform observation on the specified area precisely
and stress-free. A wide range of measurements, such as distance between two points, angle,
diameter, parallel lines, area, and so on, can be performed on the screen in real-time using simple
mouse operations. The microscope also offers High-speed image stitching which is six times more
data than the conventional systems [41]. Different lenses like VHX-E20, VHX-E100, and VHX-
E500 lenses were used to study and capture the images.
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Figure 11. Keyence Microscope 7000 series [41]

2.8 VNA (Vector Network Analyzer)

A Vector Network Analyzer (VNA) is used to measure the electrical characteristics of RF and
microwave devices, such as filters, amplifiers, and antennas. During the design and manufacturing
processes, network analyzers are the main instrument for measuring transmission, reflection, and
impedance, as well as s-parameters. The VNA has two main components, a signal generator and a
receiver, which are connected to the device under test (DUT). The signal generator sends the RF
signal to the DUT, and the receiver measures the signal that is returned. By measuring the
difference between the input and output signals, the VNA can determine the device's transmission
characteristics (transmission coefficient, insertion loss, gain), reflection characteristics (reflection

coefficient, VSWR, return loss) and s-parameters S11, S12, S21, S22 [42].
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Figure 12. Keysight ES080B ENA VNA [43]

2.9 Return Loss

Return loss is a measure of the amount of energy that is reflected back to the source when a signal
is transmitted down a transmission line. It is often expressed as a negative number and is measured
in dB. A higher return loss number means that the signal is more effective because less energy is
being reflected back to the source. A lower return loss value indicates that more energy is being
reflected back, and the signal is less efficient. Return loss is crucial because reflected signals can
distort and impair the overall signal quality of the originating transmission. To lower the amount
of distortion and enhance the signal quality, high return loss is preferred. The transmission line
impedance, the load impedance, and the signal reflection coefficient are all variables that might
have an impact on return loss. Return loss is widely used to assess the signal's quality and the
functionality of various components (such as power amplifiers, filters, and antennas) connected to

the transmission line.
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2.10 Microwave Frequency Band

The microwave frequency range spans from 1 GHz to over 100 GHz and is categorized into various
letter bands by organizations such as IEEE Radar Bands, NATO Radio Bands, and ITU Bands
[44]. These various sub-bands according to letter designation are shown below.

Table 1. Different microwave frequency range according to letter designation

S.N. | Letter Designation | Frequency Range
1 L-band 1 GHz to 2 GHz
2 S-band 2 GHz to 4 GHz
3 C-band 4 GHz to 8 GHz
4 X-band 8 GHz to 12 GHz
5 Ku-band 12 GHz to 18 GHz
6 K-band 18 GHz to 26.5 GHz
7 Ka-band 26.5 GHz to 40 GHz
8 V-band 40 GHz to 75 GHz
9 W-band 75 GHz to 110 GHz
10 mm-wave band | 110 GHz to 300 GHz

The different frequency bands are used in different applications based on the requirements which
are later explain in this thesis. The design model of antenna, experimental set-up and the

methods are explained in the next chapter.
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Chapter 3

Design, Experiment and Methodology

For our study, we choose one non-contact printing method which is aerosol jet printing (AJP) and
one contact printing method which is screen printing. This chapter explains the design of the

antennas, experimental setup and the post-processing method involved in the printing process.

3.1 Antenna Design and Geometry

(@) (b) (©) (d)

Figure 13. Four different antenna design (a) Design-1 (b) Design-2 (c¢) Design-3 (d) Design-4
simulated using Ansys HFSS

Four different microstrip antenna designs using same dielectric substrate are shown in figure 13.
The designs comprise of a radiating patch, a ground plane and a feeding point. The substrate
material is flexible FR-4 since this can enable a wider range of applications in the bio-medical
field and wearable sensors. The substrate thickness was chosen to be 0.1 mm for all the antenna
designs to evaluate a performance comparison of the proposed designs. The patch is chosen copper
for it to be conductive material. Considerations such as biocompatibility, polarization, and choice
of materials were also factored into designing the antenna. Important design parameters considered

are shown in table 2.
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Table 2. Parameters considered to design antennas

S.N. Parameters Specifications
1 Operating Frequency 1-20 GHz
2 Dielectric substrate FR4
3 Dielectric constant 3.55
4 Thickness of substrate 0.1 mm
5 Feeding technique Asymmetric-Coupled fed
6 Substrate size 30 mm x 20 mm
7 Input Impedance 50Q
8 Height of conductor 0.1 mm

Simulation of the antenna was performed using Ansys High Frequency Structural Simulator
(HFSS) Electronics Desktop v.20. All four antennas have the FR-4 substrate dimension of 30 x 20
x 0.1 mm®. All these designs have a radiating patch and a ground plane which are separated by 0.5
mm. For the first design, top stripline is 23 mm x 2 mm and its asymmetric stripline is 12 mm x 2
mm. For the remaining three designs, the top stripline is 33 mm x 2 mm and its asymmetric stripline
is 12 mm x 2 mm as well. For measurement data, a 50-ohm coaxial probe feed is used for

excitation. After analyzing all the simulation results, the DXF file was extracted from the Ansys

HFSS to proceed with fabrication.
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3.2 Aerosol Jet Printing — Materials and Method Used

The experimental set-up using Aerosol Jet Printing method is shown in the figure 14.
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Sheath Port M
Nozzle Head
IDS Bed

Figure 14. Experimental set-up for aerosol jet printing

3.2.1 Conversion of DXF File to G-code

All the antenna designs were created and simulated in Ansys HFSS. After running the final
simulation, the files were extracted in DXF format/extension. Only the conductive parts were
extracted in the DXF file and loaded into the Fusion 360 to convert it to the G-code. Different
settings like print speed, and layers of the printing were optimized while creating G-code. After
making the necessary changes to the setting, the files were converted to G-code format since the
Flashcut CNC software accepts G-code files.
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3.2.2 Ink Preparation

All the experiments related to aerosol jet printing were carried out with nanoparticle silver ink
(UTDAg40X). The silver ink is suitable for the aerosol jet printer’s ultrasonic atomizer, which has
a preferred ink viscosity range of 1-5 cP [28]. For each printing in our experiment, 500 microliters

of the ink were mixed with 75 microliters of terpineol which acts as a cosolvent.

3.2.3 Optimized parameters for the printing process

Since various parameters such as sheath flow, aerosol flow, atomizer voltage, and platen
temperature play a vital role in the final result of the print, several tests were run to get the fine
deposition of the aerosol. Table 3 demonstrate the utilized value for the experiments.

Table 3. Optimized parameter used in AJP

Parameters Value

Sheath Gas Flow 55-65 SCCM

Atomizer Gas Flow | 6-8 SCCM

Atomizer Voltage |23V

Platen Temperature | 60°C

Printing nozzle size | 250 pm

3.2.4 Setting the atomizer voltage

Since there are two gas stream- atomizer and sheath gas flow, it is important to verify the aerosol
mist coming out from the aerosol port before we start the printing process. We checked this mist
to make sure that our ink has been atomized properly. To do so, a computer program called Flow

Vision is used, where we can control the sheath gas flow and atomizer gas flow. To start, we set
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the sheath gas flow was set at 40 SCCM and the atomizer voltage was set at 0V. The atomizer
voltage was then adjusted until there was good flow of mist coming out from the atomizer port.
That atomizer voltage worked out to be 23 V which was then used as a fixed atomizer voltage to

run the print.

Figure 15. Mist coming out from the aerosol port

3.2.5 Printing Method

The FR-4 substrate used in our experiment was placed on the bed of the printer. The bed, also
called the platen, was maintained at 60°C temperature throughout the printing process. The
prepared ink was put inside the ink vial of the ink cartridge. It was then attached to the atomizer

base as shown in figure 16.
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(a) (b)

Figure 16. Images showing profile of the NanoJet print head (a) with the ink cartridge and flow
cell installed and (b) the ink cartridge and flow cell removed [27]

The atomizer base was filled with 16 ml of distilled water to ensure the proper atomization of the
ink inside the ink cartridge. The amount of ultrasonic energy that can be coupled to the ink
cartridge will be reduced if the water level is not sufficient [27]. After all the settings were made,

the printing process could be carried out.

3.2.6 Post-processing method for AJP

After the successful deposition of the aerosol onto the substrate, the next step was to make the
deposition conductive. For that, the samples were cured using a fisher brand degassed vacuum
chamber shown in figure 17 (a). At first, the samples were cured at 80°C for 30 minutes. Then the
temperature was increased to 250°C for another 30 minutes. The samples were left inside the
vacuum chamber for the next 1 hour. It was then tested for conductivity and the antenna

measurement were done using VNA as shown in figure 18.
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(a) (b)

Figure 17. (a) Post-processing method using degassed vacuum chamber for aerosol
printed antenna and (b) Printed antenna in a flexible substrate

Figure 18. Antenna measurement on Keysight ES080B ENA VNA

The step-by-step procedure included in an aerosol jet printing method is shown in the figure 19.
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Figure 19. Breakdown of steps included in aerosol jet printing

3.3 Screen Printing — Materials and Method Used

The experimental set-up using screen printing is shown in the figure 20.

Figure 20. Experimental set up for screen printing
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3.3.1 Necessary supplies

To work with screen printing process, we first started with the necessary supplies to carry out the
process which include screen frame, paste, squeegee, and equipment to run the drying process and
the sintering process. The Screen frames used for the research were from NBC Meshtec. The frame
size is 15 x 15 inches inside which all the antenna designs were incorporated. It is a polyester
screen 280 mesh per inch with 35-micron thread diameter. The emulsion thickness set was 15+/-2
micron. The copper paste (LF-350) used in the research was from Copprint. This specific paste is
known for its excellent printability, high conductivity, nano copper particle size for pattern
precision, and environment friendliness [36]. The paste was stored in a sealed container at -10°C
in a refrigerator. All the tests were run on a flexible FR-4 substrate. As a part of post-processing,

we used the fisher brand thermal plate for the drying process and TLC Laminator for the sintering.

3.3.2 Steps involved in the screen printing method

The FR-4 substrate was placed on top of the workbench which acted as a base. The screen frame
is placed above the FR4 paper. The snap-off distance was then created between the screen frame
and FR4 paper where the screen frame was tilted at a certain angle to avoid the excess paste oozing
out from the mesh. At this time, the copper paste was mixed properly to get a good consistency of
the paste. With the help of a squeegee, the paste placed inside the frame was then swiped onto the
antenna design. The antenna design template as shown in the figure 21 was emulsed with the screen

frame during the actual printing process.
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Figure 21. Process for the printing of antenna design

3.3.3 Post processing method for screen printing

Once the deposition of paste was completed in the substrate, the first thing we did with the samples
was to make the deposition dry. For this, we put the samples on top of the thermal plate. The
temperature was set at approx. 90°C for 7-10 seconds. This was followed by sintering process to
achieve the conductivity. For this, thermal laminating company TLC 5500T 4 laminator was used.
This specific laminator was set at 475°F for testing. The samples were placed inside the baking
sheet, which acts as a carrier, and sent through the laminator machine. After the first pass through

the laminator, the conductivity test was performed, and results were analyzed using VNA.
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Figure 22. Post-processing method for screen printed antenna using laminator

3.4 PCB Fabrication — Method Used

All four antenna designs were also PCB fabricated for the purpose of comparison with two other
fabrication method, AJP and screen printing. In the Ansys HFSS Electronics software, the design
was extracted along its XY and YZ planes. Two coordinate planes were chosen, one at the bottom
of the substrate and second at its top. The first coordinate was selected (for the bottom), and the
substrate's ground plane was chosen. Then, the file was exported and saved in DXF format through
the Modeler tab. Afterward, the second coordinate was selected (for the top), and the patch design
was chosen and exported in DXF format. The two DXF files were re-imported into Ansys software,
with the bottom file imported first and the layers were selected and saved. The top file was
imported and saved on upper of the bottom one. Finally, the combined file is exported as a single

DXF file.
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3.4.1 PCB Design Layout Process

Since most PCB manufacturers require Gerber file format, the design DXF file extracted from
Ansys HFSS was converted to Gerber format using KiCAD software. KiCAD is used to generate
the necessary layers intended for the fabrication process. By opening the GerbView layout on
KiCAD, the DXF file was imported from Ansys HFSS, and the required layers were selected and
assigned per the manufacturer's specifications. After assigning the layers, the panelization process
was performed based on the required quantity, and V-scoring is carried out using Mouse bites (2
mm) for easy separation after fabrication. The 3D Viewer was then used to preview the outcome
before finally exporting the file in Gerber format and sending it to the chosen fabrication company.

The company chosen for the fabrication of PCB board was Sunstone Circuits.

Figure 23. Design layout in GerbView

The final deposition pictures from both the printing process are shown in the next chapter along

with the measurement of antenna parameters.
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Chapter 4

Results and Discussion

This chapter presents all the results from aerosol jet printing and screen printing and compares
these with factory manufactured PCB boards. The reflection coefficient, an important antenna
performance characteristic measured using Keysight VNA 1is explained broadly. The radiation
pattern is another parameter measured from the simulation. The proposed antenna is also compared

with a reference antenna on the basis of reflection coefficients and its application uses.

4.1 Antenna fabrication using AJP and Screen Printing

Microscopy images of the antenna design after the fabrication using aerosol jet printing and screen

printing are shown in figure 24 and figure 25, respectively.

Lens: 20320
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Design 3 Design 4

Figure 24. Four antenna design fabricated using aerosol jet printing
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Figure 25. Four antenna design fabricated using screen printing

Figure 26. Factory manufactured antenna on a PCB Board

After the successful deposition, the fabricated antenna printed using both aerosol jet printing and

screen printing were followed by post-processing method as explained in Chapter 3 to make it
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conductive. The depth of the conductive part was measured on keyence microscope. For the AJP,
the height of the conductive silver ink was about 10 um and for screen printing, the height of

copper paste turned out about 11 um.

(a) (b)

Figure 27. Measurement of the depth of conductive part using (a) AJP and (b) screen printing

After the deposition of ink were conductive, it was then tested using Keysight ES080B ENA VNA
to study the antenna measurement like S-parameters (S11), resonant frequency, and bandwidth.
SMA connector with a 50 Q impedance is soldered to the feeding point of ACS-fed antenna. The

factory manufactured PCB was also measured for the comparison.

4.2 Antenna Measurement

4.2.1 Reflection Coefficient

The reflection coefficient shows how much power is being reflected from the antenna and is
measured by S11(dB). The antenna operates best when the S11 is less than -10 dB, transmitting
90% of the power, and the bandwidth is computed as a difference of higher frequency to lower

frequency of S11 less than -10 dB [45]. The S11 characteristics in (dB) are measured over a wide
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range of frequencies starting from 1 GHz to 20 GHz. All the graph results were plotted using the

origin software and shown below from figure 28 to figure 35.
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Figure 28. The PCB fabricated, simulated, screen printed and AJP reflection coefficient of
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Figure 29. Reflection coefficient of (a) AJP, (b) Screen Printing, (c) Simulation, and (d) PCB
fabrication of antenna design 1
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Figure 30. The PCB fabricated, simulated, screen printed and AJP reflection coefficient of
antenna design 2
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Figure 31. Reflection coefficient of (a) AJP, (b) Screen printing, (¢) Simulation, and (d) PCB

fabrication of antenna design 2
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Figure 32. The PCB fabricated, simulated, screen printed and AJP reflection coefficient of
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Figure 33. Reflection coefficient of (a) AJP, (b) Screen Printing, (c) Simulation, and (d) PCB
fabrication of antenna design 3
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Figure 34. The PCB fabricated, simulated, screen printed and AJP reflection coefficient of
antenna design 4
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Figure 35. Reflection coefficient of (a) AJP, (b) Screen Printing, (¢) Simulation, and (d) PCB
fabrication of antenna design 4

Here, some of the S11 measurement result shows better return loss than the simulation which
indicates that the fabricated antenna is best aligns with 50 ohm input impedence. The center
frequency for the manufactured antenna and its corresponding bandwidth and S11 parameters are

shown in the Table 4.
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Table 4. Center frequency and its corresponding bandwidth and S11 parameters

Design 1 6.09 0.3 -16.17 8.21 0.48 -24
9.67 0.34 -28.29 10.33 0.45 -22.04
13.38 0.26 -26.59 14.17 0.26 -33.13
16.05 0.27 -26.02 17.75 0.27 -28.094

Design 3 8.87 0.39 -20.58 1.59 0.25 -27
12.05 0.27 -29.97 8.878 0.54 -22

13.51 0.26 -25.89 9.68 0.41 -21.69

14.31 0.26 -23.51 14.178 0.31 -24.07

19.34 0.25 -21.11 17.75 0.24 -30.39

Design 4 4.63 0.24 -13.08 2.25 0.06 -10.63
9.54 0.3 -17.9 4.5 0.48 -17

12.72 0.28 -28.66 7.55 0.59 -25.32

16.82 0.29 -15.47 10.07 0.35 -21.81

12.72 0.32 -17.25

14.17 0.28 -24.56

Here, the fractional bandwidth of an antenna is also calculated as it directly impacts the antenna's
performance, versatility, and compatibility with various communication systems. It can be
calculated using:

Upper frequency — Lower frequency

Fractional bandwidth =
Center frequency

Fractional bandwidth provides insights into the range of frequencies over which the antenna can
operate effectively, ensuring optimal signal fidelity, flexibility in accommodating signal
variations, and mitigation of interference. A suitable fractional bandwidth can be tailored for

specific communication systems, such as radar, satellite communications, or wireless networks,
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enhancing system robustness and compatibility. Furthermore, a wider fractional bandwidth can
increase channel capacity, allowing for the transmission of more data within the same timeframe,
which is crucial for high-speed data transmission applications. In summary, the fractional
bandwidth is a critical parameter for engineers and researchers in selecting or designing antennas
that meet the requirements of specific applications and achieve optimal system performance. Here,
for the Design 1 using AJP, the antenna has successfully achieved center frequencies of 6.09GHz,
9.67GHz, 13.38GHz and 16.05GHz with operational bandwidths ranging from 5.9 to 6.2 GHz,
9.49 to 9.83GHz, 13.24 to 13.5GHz and 15.94 to 16.21GHz, respectively. These bandwidths
represent 4.92%, 3.51%, 1.94% and 1.68% fractional bandwidths respectively, indicating
wideband performance capable of supporting various applications within any of the specified

frequency ranges.

4.2.2 Radiation Pattern and 3D Polar Plot

Radiation pattern refers to the directional distribution of radiation from an antenna in three-
dimensional space. It is a graphical representation of how the antenna radiates energy into free
space. From the simulation, the radiation characteristics along H-plane and the 3D polar plot are

measured and shown in figure 36- figure 39.
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Figure36. Radiation pattern and 3D Polar Plot for Design 1
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Figure 37. Radiation pattern and 3D Polar Plot for Design 2
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Figure 38. Radiation pattern and 3D Polar Plot for Design 3

120

+.2Q5afhirotal

7120

-180

Figure 39. Radiation pattern and 3D Polar Plot for Design 4

The antenna exhibits an omni-directional radiation pattern and stable gain performance throughout
the entire bandwidth, demonstrating its efficacy for reliable communication. Moreover, the
compact size and fabrication simplicity of our antenna design contribute to its practicality and cost-
effectiveness. Our findings reveal the potential of this antenna design for integration into a diverse

array of biomedical applications, wireless communication systems, wearable sensors. Further
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optimization and analysis of the antenna's electrical and mechanical properties can potentially

unlock even greater performance and versatility in future iterations.

4.2.3 Reference Comparison Table

Table 5 shows the comparison with the reference antenna.

Table 5. Comparison of referenced antenna

Refe . . Frequen | Return loss o
rence Dielectric Substrate cy(GHz) | (dB) Antenna Type | Application
. Wireless
[46] | FR4 substrate 5.5,8.5 -10.25, - | Circular - Patch Communication
15.25 Antenna
System
, -18.88,- Microstrip
[47] Roger’s - Kappa-438 | 2.45,3.8, 17.87,- monopole UWRB application
substrate 10
19.26 antenna
Acrylonitrile
Butadiene  Styrene | 11.7- Radiometer
[48] (ABS) resin with 3-D | 12.7 22712 horn antenna Applications
printing technology
. microstrip o
[49] | ABS fingernail 15.2 -35 patch antennas 5G Applications
AMC-Based
Dual band | Wireless
[50] | FR4 epoxy substrate | 2.025 -22 Microstrip Communication
Antenna
Hash-Shape Future High-Speed
[51] |FR4 348 23501 [ Jroted G Wireless
Microstrip Communication
Antenna Technology
5.85
. . (with .
52] Flexible conductive tissue 935 CPW-fed slot [ Medical wearable
cloth MKKTN260 ’ antenna applications
measure
ment)
circular  ring- .
. L Body-centric
53] flexible Liquid crystal 25 945 shaped wearable
polymer substrate monopole o
applications
antenna
[54] flexible polyethylene 37 7 Quad-Port Wearable
foam ' UWB MIMO | Applications
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Footwear
Antenna
[55] | FR4 substrate 1.6 -25.5 hyperthermia thermotherapy of
the Breast
antenna
regular
monopole .
[56] | FR4 epoxy 10.3 -27 shape Medlp al'
Application
rectangular
patch antenna
Rogers R0O4350 microstrip Radio Location
[57] substrate 10.3 -24.57 patch antenna | Applications

The proposed antenna can be compared with the reference table on the basis of frequency and
return loss. In an application like wireless communication system [50], or a medical use like
chemotherapy of the breast [55] where a lower frequency range 1-2 GHz is used, antenna design-
2 fabricated using AJP can be employed. For breast cancer detection using radar-based [58] or a
body centric wearable application [53], 2-4 GHz frequency is applied for which antenna design 3
using screen printing can be an alternative option. A number of applications is also explored in
ultra-wide band frequency range to provide both an adequate depth of penetration and an image
resolution which is reasonably high [59]. For that kind of application, both antenna design 1 and
2 using both fabrication methods can be a good option. For the application involving inter operative
radiotherapy [56] or radio location application [57] where X-band or Ku Band of frequency range
is suggested, antenna design 3 or 4 using screen printing fabrication method can be used. The K-
band frequency can be utilized in an application where it is required to establish communication
between implantable medical devices and external devices in a WBAN system using antenna

design 3 fabricated by AJP.
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Chapter 5

5.1 Summary and Conclusion

Two different additive manufacturing techniques, aerosol jet printing and screen printing have
been studied and employed to fabricate antennas in this research. The four different antenna
designs were designed and simulated in Ansys HFSS. For convenience of comparison, the
substrate material, size, and thickness were all chosen as FR-4 substrate, 30 mm x 20 mm, and 0.1
mm, respectively. The fabrication procedure was carried out after all the antenna performance was
adequately examined in the simulation.

For aerosol jet printing, several tests optimizing different parameters like sheath flow rate,
atomizer flow rate, pressure, atomizer voltage, print speed were run to get a fine deposition. In
addition to this, copper paste was used to fabricate an antenna using screen printing. After
following the successful post-processing method, the samples were tested for antenna
performance, namely reflection coefficient and resonant frequency using Keysight VNA.

All the antenna results show a good coverage of frequency band from L-band to K-band. The aim
of the proposed antenna which was to achieve reflection coefficient below -10 dB while
maintaining the bandwidth >=100 MHz was fulfilled. The calculated fractional bandwidth
indicates the wideband performance capable of supporting various applications in the specified
frequency ranges. All these antennas can find applications in health monitoring systems, such as
glucose monitoring and early detection of breast cancer cells at lower frequencies. At higher

frequencies, it can be applied for wireless network applications.
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5.2 Future Work

The completion of this research opens the door for many future possibilities. Firstly, it is
recommended to scale down the design keeping every other parameter the same. These changes in
the design can possibly bring the effectiveness of antenna in an applications like high-resolution
radars, imaging systems, sensing, and high-speed communications by operating at THz
frequencies. Secondly, we recommend investigating an alternative material and the post processing
method by keeping the design and parameters same. These can be compared with this research
work. Third, this work presents the design and fabrication of the antenna design. Future work could
involve the integration of the antennas with sensors to create fully functional bio-medical and
wearable devices.

Based on the present research's findings and limitations, these are only a few prospective topics
for further exploration. Future study in these areas might help to eliminate some of the current

limitations and broaden the scope of this work's possible uses.
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Appendix

The machine set up used for printing is shown below.

<?xml version="1.0" encoding="UTF-8" standalone="no" 2>

é <machine xmlns="http://www.hsmworks.com/xml/2009/machine">
2 <vendor>IDS</vendor>
g <model>Nanojet</model>
; <description>Test config for printer</description>
lg <control></control>
ié <machining additive="yes" inspection="no" jet="no" milling="no" turning="no"/>
ig <dimensions depth="300mm" height="300mm" weight="0kg" width="300mm"/>
15

16 <capacities depth="0Omm" height="0mm" weight="0kg" width="0mm"/>

18 <mtk></mtk>

19

20 <controllerConfigurations></controllerConfigurations>

21

22 <fusion>

23 <model></model>

24 </fusion>

25

26 <custom>

27 <data></data>

28 <name></name>

29 <softwareVersion></softwareVersion>

30 <network ip="" port="" protocol=""/>

31 <serial></serial>

32 </custom>

33

34 <machine_connector capability="no" connectionMethod="Ethernet (TCP/IP)">
35 <application machineConnectorIdent="" machineConnectorIp="127.0.0.1" machineConnectorPath="" machineConnectorPort="50000"/>
36 <serial connection baudRate="115200" bits="7" dataBufferSerial="100" flow="XON/XOFF" parity="Even" port="1" stopBits="1"/>
37 <ethernet_connection MDCPort="5051" dataBufferEthernet="10100"/>

38 </machine_connector>

39

40 <post>

41 <postProcessor>user://Nanojet Post Processor 2.cps</postProcessor>

42 <postProperties>

43 <Parameters/>

44 </postProperties>

45 <setupSheet></setupSheet>

46 <setupSheetProperties/>

47 <outputFolder>C: /Users/JChavez.IDS/AppData/Local/Fusion 360 CAM/nc</outputFolder>
48 </post>

49

50 <pngl28>1VBORWOKGGOoARAANSUhEUgARAEAAAABACAYARACqaXHeARAACKBIWXMAAAS SARALEGHS3X 78 AAACT K1EQVR4AN02aTWTbMBCFJOX36bI 75WZJT+
51 DeIL5Bs5plcpdmPavkBskJap+gyQ3gXXdITuCCwQzAEoSo0anSEAL 4AwSY1DcknziNFEWS324EWI roAqACAWK I DHCYWAFaT+KQN9MmoQneBiQcué84106eLT
50 <png128>iVBOR ARAANSUEUGAAAEAAAABACAYARACGaXHeARAACKBI! AASSARALEGHS3X78AAACT k1EQVRANO2aTHWTbMBCFI0X3 6b1 75WZIT+

51 DeILSBsSplcpamPavkBskJap+gyQ3qxXXdJITuCCwWQzAE0S50anSEAL4RAWS Y1DCknZiNFEWS324EW I roAgACAWK L DHCYWAFa I+KON9MmoQneBj Qcu664i0GeLl

52 ABwzt /3iHh1FHMVRJQa/iMrU4VVD33Hu/Ee’ ZgKMESOANROh 0k SCt BBHSHFVARI +uLAmMLWMi/Ks5gHCmoi u+£dX/ 13wl z+IWE SKWWmWAYAL T05+Ges 1lomT

53 r90gVimwYhGi2HCZakxuhkql 6D00Tp70GC/H2gP+I/ODbnEVAAB+9i6A1z2geSYx3XrAdTYafBul cMELLb+zm0Oa4 9ABEXPOGTUI z+y rnbjmmOZ5TY ZmwiAhg

54 OvnJB8RTggb9PiahzBDTntThl jpsAiPGHABS5cOWVKHMeOZYL3neDsNC5IKKzQ0 /1Y 5dFDBACBUDE 1HX feLO1F+TmS9bYEXHr AX I Fxw jgevUTEQKIgy+IgHoD

55  wBfIMAD5C8AGIneKh/SCEPMTOPDESEpeDg3i8LSL3NTNESFKGEPNUPa9TaJ790+ECMAIN3JFh+b0si+k8YnTVeHCDC/Knfzfo] JWnTAB+I5QbpD29QLSbxNhfo

56 L3gkjJLS+SrIjoelFPhsiw7pIwWRPECHDS14FDKVS P1vICK0yXxGZ 4k40IOVUVRYShQNtAjxy EDXEQhOkSCtBBHSY1dBTAW2A+C3yyeMCpIXoi tC5eb3suBAkn

57 0gXKd/tM3vKTEC3AEWUTHNeJ0J6CH40rT3h7QInzY3D1Ce8UsMhxVS/WESALX119wtQDI HK+hqknmLemFzCOmXqCAQPE] OumzVgLEDGum5ah80CgnK+h8gstBOT

58 kEA2VI2hTYPKSVLYOWGEMN Bt r 69DkAZ3k£I0NT2] 1gB5yvkaTI75m00+Nh9Y 6t gro08 7XaKrj oAfMIOATrDHpC ZQPmkPM1B] 2h1gJzbzzU21ATYA45X+PjNgDAPW

59  0d26qOUCFOAAAAAE]FTKSuQmCC</pngl28>

61 <additive centerx="150" centery="150" centerz=' clearance="0" defaultPrintsetting="C:/Users/JChavez.IDS/AppData/Roaming/
62 Autodesk/Fusion 360 CAM/PrintSettings/Nanojet 25 Micron.printsetting" positioning="true" scaling="true"
63 selected_solution_uuid="109db680-c137-4blb-b2d9-812d58d059e8" technology="FFF" uuid="F88B3912-F79C-409D-9058-EE9SEFA6A4AA" workspace_uuid=

64 <platform lasercount="0" model="fff platform 300 2 2 3 2.3mf">

65 <mesh>UEsDBCORRRRTARRRRRCST61///7//////8QRBORMOQUM2Rtb2R1bCS th2R1 bAEAEABLVWARRARAAGMNARRRARRADZ ZdCt VIEYWVN LVSBR EZTRC/

66 JOissjeprcplah+APSCthBRVFOXySunT, IZeX3glz8fTM3O0) £Drt9NX9rWIvD2 EXXTnRZbPZY3L/nx4 £vn8OH+/Pi3a+a9//

67 +tfHk7nQ3ecSe0Xt8£51+v19dNy+bb/0p22b9npeX85vs2frtn+fFpWh9P25f lpu7++X+RT1lvvzpVuWedEs83I+e395v]i70T8/H4/0pu3aX0T7z03ELue518 fu/9Bcvhb590iTKnrXzas/

€8 Y4SGmWN14TP+£1c)68768yHPZIK4/0+NOnbd+VMixv/9F+HO6£18 £Z29rDEVmL /VBu8dVS6/| dt FLOKE3UPTC62VeOL37ip4e8V23PR231+VZXgOR] S5KBT0diROQyWq/bzxiF8SekTv/

69 bOcKQ+V/PxUq/PFy6t/PTZd+94adfHk6£9ufj+fL5cn5/nTOfHue INhv+Zab/ /] /26bFn99+m8 +WPbocs/ 2vzrt/d/urfo4M4Mv21D30d+/Px80rDEk3n71uL9eX990unzz0822xbvKknp

70 8Vu97Rb1P1TuSh2XbWon3aHpmnKw261ns+uf7zKZ+gCEPZT77//8x85+tp3Z/bé/HLovgkVPevevmi 80kt 2 £2igf jR+sVI032bSvmiqrCl1XTT2E/ fE4XXxR1nuX4bz77r/w4/NQPxxSbiTb09

s 71i/v/1xsyt3R+RKquqspV1IjJFKX3N6 1 p+IjpXbTK2KCqZHkOrpt1Uiv5Qrezim2oj /6 zIKtus 80ZWNEdWlutWet /Q1bpZ faBWZG3brPqZKé08qlzSSfatzapi1Xigm2yTt+1ipBPrDvuXzZgmy

72 XZhFgVWWralX3yEc2qddzXmSkbTgaiTYsnQklGEy8qlvv2ypbryq2b01Ws0KxkayabLPKNN9kWDFG7YGimgTr ENV3QE 4Yd+qrG7qiQEaclqviQyn+1znméLx4a)LrKSKKDMXFELZVKWERkmo4 6

73 cpt fh8RUJDKI/6VKVVFI2eTggNY6dIjCujFjolaMzil Fr4QpHWDKNWZeZCC9QcoqUWngfsxHoglMpY YaoWg2 9K LdazgsVaZ SRWMWUPVAtkl LkmlMrIVaoWeYXRKXTbZ0ZTS6WSPRZSWNU L

74 RzNGNZVAJMGOV] / KXEMRMzWrdx +1r] cvhTTNEQKJI398gomzgRwtw9 78om2mwxql I 6ngmuFr 3kRSR6d6 9% ZRNThDB3ZyRh kx0gMFGrMI5 DHWOSNE 76 FSVOrVQvoZolG+VK2 £ px41CmFBQIMoz07

75 86ChbYobeTelGx1InRpfSiZCkbszmpFzVLmKAPPLdWbUYVS3Vi 9VB6UKEZA] usxqn+NbHCVS 9gGqUXhUV1oghN6kX 1Moa+AhevIV/wy3hGTVRIyNSM/ 4bipSxVH252a7dboA+u5jTHe3d6ahyrtB

76 Ks5GI22mH3JVDS8NxMh8 I fbsAkzPHACKT] ] ZkQURZ 2YAp/ uRk TxbHDISGNWXy BpEQxKtykx+PKU6diKHFUHSAJQB8KNy+ApxZvdmEBpaWqcFgXm8uI4DwuUlojHivV/g2MZMInFcacaF JhrVKGY6d

vl UOlmlSMat ZDEQC]OHSqh6PLUAr DMPZQDDKLGBPXwzGt k4phlREKckephjk93A83aTLbUAMUS tmmjRAgrx jLCTKPSeRTxUgITB8 1QWOX0VgDPtysjdNarxhJj1Ic7 9EGVW+qj 0Pq7hW) 7 EGKUSX60H

78 6CVIXWrkhv20bV6efZCOPHWY KM+t 221 t4dMAOUZ ZUuOKZ1 rddLmH+wqYYbFbVeL8Hho SqmbEO: 9ZWEOK1UtFVZUYveGg9UXClhrVs5410 gPcfiT8ckfiv921iccSKs3trk3YqHQTAZKI

79 9P2LQKE 07 2bXXhXVObSX9YYyx+jFhPVSVLmp/oVBeiak GHET: 0GWZSByfuabFLirl Ivpnrtpvd2156i0dTolnlK9+TDTY1zws/ /QATeEqz4F EPhHTITENTOVhTSD+VEKHN

80 k++1rhYaM8ndOH] rPX/h+Hpls3mDQcYf IAg8MgI2qSPGBGY9IwhDWsmjQcY £ JwiwvSMGmPTOVXDIdJQ6gZJg+3kjBpD7UNi 01DgB1WyAL1Ts4 4ANATZEY4EC2hGCTt 1SBhGmj S8 46WqumkGIeM1 kmzW

a1 kGbBi1V00naN0GaBQraomipmk757gnSjUAbGHANGENSEnTSBOYTz /1 4WUFLIDNI 2 kNBmhNK2 kNogZpO0h4K0pxQ0h5CS 9V0kvzQkOaEkvYQWqqmk 7SHGnQnOB4qzUN4 3A0nVLSHNAShJOZhy JwUJOZhC

82 g4Q91VwBKJIN1 355 9pBGRROOGCZ Pw] £ kvZQBQeMSdpDQCJILi Jb2EFqgppOOhdKE1 05 zp] 2E1qrpID2 fTuLghGr SHOrNQOHSeShIf 1BNOWE L Oc/aSToPBWNug2 kPoavqokl 7TKEhzRo4wcdUBLVXTSApDQZOT

83 CFgI00RL1XSS9pCTOBOEDZWOh9ASMKHSHYr SNIBYON1P81DjJ00haGi05gQCcELM] ZUONKTSHOKGa50SG9hBa3pCoh4I0J6x0D6GlajpJes jJ1X1oRXsILAaEZJOOhNNRTEVMQVI1D00naQzgyppqYv2]jyJLyDE
84 jpJewi HVWII2KNBWKUT1vYQWGqmkThdx60VJIOFAC017CC2hGSTtoSDhIW] SHKIL1XRS 5pfra5DmoTX tBLRUTSf FEaSmk +ahNeOht FRNJ2kPBe100D20Ng+tjWrpDzkJAVPEOhSCS/QzSNPDQZOTCCqYMRWOVEON
a5 aQ8FaU50aQ+hpWo 65X soSHNCS3sILVXTSdpDOboTaA+15i EcJocTcMybnBUjQ8hJe2hjHggs 91CQ5gScX0eiRUuMT cZJ2kM4Ba0kHIERS td0kvbQxtyHES 6qy ZPwDvrpJO2h DRwwJImkPBQ1 HyAgV+KIFNy3avE
86 WDpWOUbIGv/PTCtIMKnPmHBAimI3YEW1baZdpPRW6GKVKAZbr Z8QrYTFXktDe0ad/ngOnkNI LNWGW+p8WGbe Yq8AWBfsBoe 610H7 abhL+JXehNaJ3ngHmHBaw 3pjHPBe8 wNNWWB5h32AC75Qre YW] aKwfMO2yA3
87 SQF7zA07ZUD5h02wG6SgncYmvbKAMOG2A35cT 9br LFDY fp3W6YhL/NLYC6LGy9ba0w? T DSHTbAVMMG2EXCE4aqgX 52t T5qRUVX6 £TR 5FZ2C0SeacHdVMpgrity4F+A9hIbIUTSRSCINY1SRDITI9125TTYsCeS
88 Vgch3vn+5EI9185cOpkBqv25eN3zsWASnn/ FYyx9hnZPWATK1yDZAY6AbVILPHSUr9pUE1NuuSVShB3U4 smpesBDueULQT UrRXTepse sABTLsWSAZYLb2gLoyXC95velGidwzV3Ugx6kS4GRFr iwNhKI INihdOk
89 <fff_settings>

90 <home_position type="float" x="0" y="0" z="0"/>

91 <park _position type="float" x="0" y="0" z="10"/>

92 <max_extruders>1</max_extruders>

93 <bed_temp_max>0</bed_temp_max>

94 <nozzle_diameters type="float">

95 <item>0.050000000000000003</item>

96 </nozzle_diameters>

97 <enable fans type="bool">

98 <item>false</item>

99 <fenable fans>

55



99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115

</enable fans3

<nozzle max_volumes per_ sec type="float">
<item>300</item>

</nozzle max_volumes_per_ sec>

<nozzle_temps_max type="float">
<item>0</item>

</nozzle_temps max>

<z_speeds_max type="float">
<item>30</item>

</z_speeds_max>

<e_speeds max type="float">
<item>200</item>

</e_speeds_max>

<xy _speeds max type="float">
<item>200</item>

</xy_speeds max>

<extruder offsets type="float">
<item x="0" y="0" z="0"/>

</extruder offsets>

</fff_settings>
</additive>

<axis actuator="linear" coordinate="Y" homePosition="Omm" id="Y" link="table" maximumFeed="Omm/min" name=""
offset="0mm Omm Omm" rapidFeed="Omm/min" resolution="Omm"/>

<axis actuator="linear" coordinate="X" homePosition="0mm" id="X" link="table" maximumFeed="Omm/min" name=""
offset="0mm Omm Omm" rapidFeed="Omm/min" resolution="Omm"/>

<axis actuator="rotational" axis="1 0 0" control="driven" coordinate="X" cyclic="no" homePosition="0deg" id="U" link="table" maximumFeed="21600deg/min" name=""
offset="0mm Omm Omm" preference="dont care" range="0deg 360deg" rapidFeed="0deg/min" reset="previous" resolution="0deg" tcp="yes"/>

<axis actuator="rotational" axis="0 0 1" control="driven" coordinate="z" cyclic="no" homePosition="0deg" id="V" link="table" maximumFeed="21600deg/min" name=""
offset="0mm Omm Omm" preference="dont care" range="0deg 360deg" rapidFeed="0Odeg/min" reset="previous" resolution="0deg" tcp="yes"/>

<axis actuator="linear" coordinate="%" homePosition="Omm" id="Z" link="head" maximumFeed="Omm/min" name="" offset="Omm Omm Omm" rapidFeed="Omm/min" resolution="0Omm"/>
<spindle axis="0 0 1" maxi ="0rpm" minim =" 0rpm">

cription></description>
</spindle>

</machine>
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The G-code generation for the antenna design 1 is shown below:

(=R W W S

sIterationl

tPrinter name: IDS Nanojet

+Print time:

iExtruder
iExtruder
;Extruder
:Extruder
tExtruder
iExtruder
+Extruder

1
1
1
1
1
1

1

40m:21s
material used: l4mm
material name:
nozzle diameter: 0.05mm
offset x: Omm
offset y: Omm
offset z: Omm
max temp: 0

:Layer count: 10

;Width: 150mm

:Depth: 150mm

tHeight: 300mm

iCount of bodies: 2
iFusion version: 2.0.14793
iSet Delays for Gcode
REAL #ONDELAY

REAL #0FFDELAY

REAL #PRIMEDELAY
#ONDELAY=0.15

#+0FFDELAY=2
#PRIMEDELAY=15

:Selected Profile: Nanojet 25 Micron New

i
iSelected Printer: IDS, Nanojet

TO

tPart 1
+Layer

Gl F3000
G21
G390
Z0

1 of 10
irapid-dry

Gl z0.05 F&000

X0 YO

Gl X0 Y-3 Z0 F2500

M201 M211 GO4 X#PRIMEDELAY
M200 M210 GO4 X#OFFDELAY
G0 X-22,985 ¥-19.985 Z0.05
M201 M211 GO4 X#4ONDELAY

Gl F1500

+bead-perimeter_outer
Gl ¥-0.015 F300

Gl ¥Y-18.015
Gl X-22.985
Gl Y-19.985

Gl F1500

;rapid-dry

Gl F3000

M200 M210 GO4 X#OFFDELAY
GO X-11.985 ¥-17.485
M201 M211 GO4 X#4ONDELAY

Gl F1500

+bead-perimeter_outer
Gl X-0.015 F300

Gl ¥-15.515
Gl ¥X-11.985

62
63
64
€5
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
a3
84
a5
86
87
88
89
a0
91
92
93
94
95
96
a7
98
ag

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121
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Gl Y417.485
irapid-leaky
Gl F3000
M200 M210 GO4 X#OFFDELAY
GO X-0.039 ¥-17.435
M201 M211 GO4 X#ONDELAY
tbead-sparse_infill
Gl X-11.961 F&00
Gl ¥-17.405
Gl X-0.039
Gl ¥-17.375
Gl X-11.961
Gl Y-17.345
Gl X-0.039
Gl Y-17.315
Gl X-11.961
Gl Y-17.285
Gl X-0.039
Gl Y-17.255
Gl X-11.961
Gl Y-17.225
Gl X-0.039
Gl ¥Y-17.195
Gl X-11.961
Gl Y-17.165
Gl X-0.03%
Gl Y-17.135
Gl X-11.961
Gl Y-17.105
Gl X-0.039
Gl ¥-17.075
Gl X-11.961
Gl Y-17.045
Gl X-0.039
Gl Y-17.015
Gl X-11.961
Gl Y-16.985
Gl X-0.039%
Gl Y-16.955
Gl X-11.961
Gl ¥-16.925
Gl X-0.039
Gl Y-16.895
Gl X-11.961
Gl Y-16.865
Gl X-0.039
Gl Y-16.835
Gl X-11.961
Gl Y-16.805
Gl X-0.039
Gl Y-16.775
Gl X-11.961
Gl Y-16.745
Gl X-0.039
Gl Y-16.715
Gl X-11.961
Gl Y-16.685
Gl X-0.039
Gl Y-16.655
Gl X-11.961



		2023-05-01T09:32:45-0400
	Youngstown State Univesity




