ABSTRACT

LI, SIXIAN. 3D-printed Conformal Antennas for Wearable Hyperthermia Device. (Under the
direction of Dr. Minyoung Suh and Dr. Tushar Ghosh).

External electromagnetic hyperthermia treatment is a kind of non-invasive cancer
treatment. The hyperthermia treatment features a moderate treatment temperature in the range of
41 to 45 °C, which provides sufficient heat to kill the cancer cells. In general, hyperthermia
treatment lasts for 30 to 60 minutes. It can also be a subsidiary therapy for chemotherapy and
radiotherapy of cancer treatment. Wearable conformal antenna is an option for such hyperthermia
treatment. The current challenge is balancing between the flexibility and the antenna performance
and optimizing the penetration depth and temperature increment.

The goal of this research is to design a conformal flexible antenna using 3D printing
technology for breast cancer hyperthermia treatment and investigate the antenna performance of
different solid-infill percentage of flexible substrate. Infill, as a term of 3D printing, is a defined
pattern that printed inside the object boundary. Infill percentage represents the volume ratio of the
printed material inside the boundary space. The proposed antenna consists of a conductive ground
plane, a conductive patch and a dielectric substrate in between. Two types of functional materials,
conductive and flexible filaments, are employed in this research. Antennas with 70% and 100%
solid-infill percentage are fabricated and tested. The first part of this research investigated the
proper setting to 3D-print a conductive polyester/copper composite. The surface roughness,
dimension accuracy, and conductivity are measured under the different printing temperature and
speed. The results show that the surface roughness increases significantly at lower temperature
and higher speed. The conductivity is significantly higher at lower temperature. However, the

conductivity variation is also higher at lower temperature due to the higher surface roughness.



The second part of the experiment targets to find the proper print settings for flexible
polyurethane filament according to surface roughness and dimension accuracy. Then, the dielectric
permittivity of polyurethane filament based on different solid-infill percentage is characterized.
Results indicate the surface roughness increases significantly at lower temperature and higher
speed. The dimension is more accurate at higher speed. The measured dielectric constant values
increase with the decrement of solid-infill percentage. The measured dielectric constant is 1.49,
1.79, and 2.36 when printed with 40%, 70%, and100% solid-infill percentage.

The last part of the research demonstrates the design of conformal patch antenna with the
conductive and flexible polymers studied in the previous research stages. Polyurethane substrates
of different solid-infill percentages are incorporated and antenna design is primarily decided by
the dielectric permittivity of polyurethane substrates observed in the second experiment. However,
the conductivity of the conductive polymer didn’t perform as expected. This requires additional
process to re-design and re-fabricate new antennas with new conductive substitute. The final
antennas present the increased temperature of 3.3 to 5.6 °C at 2.45 GHz. The antenna performs

best with the substrate with 0% void.
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Chapter 1. Introduction

The hyperthermia treatment is a thermal therapy for the breast cancer. The treatment
temperature range keeps between 41 to 45 °C for 30-60 minutes. (American Cancer Society, 2019)
The thermal therapy applies heat into biological tissue. The effect differs from temperature range
and treatment duration. Hyperthermia treatment is in the temperature range that can directly kill
the cancer cells, enhance the perfusion of chemotherapy and radiotherapy, and change the
properties of biologic tissue (Huang & Liauh, 2012). However, the treatment temperature exceeds
60°C lasting for only a few seconds in thermal ablation treatment.

The microstrip patch antenna is an approach to realize the external electromagnetic
hyperthermia treatment. The operating frequency depends on the end-use purpose: the kHz
frequency range is suitable for penetrating tissue in depth while the MHz to GHz range tend to
have a better energy concentration with a smaller penetration depth (Hall, 2012). The operating
frequency of 2.45GHz was chosen in this research to achieve sufficient energy concentration at
reasonable penetration depth into breast tissue. The researchers are dedicating to optimize the
design of antenna to enhance the penetration depth and control of the target treatment point (Curto
et al., 2015; Stauffer et al., 2007; Asili et al., 2015). Additionally, wearable antenna shape and
flexibility optimizations are additional enhancement of user experience. The flexibility is enhanced
by either shrinking the patch antenna dimension (Curto et al, 2018) or using flexible substrate.
(Mukai & Suh, 2018) The flexible substrate like fabric has obstacle in changing the substrate
thickness, maintaining stability in the designed shape, and defining the dielectric permittivity
values. Since stack layers of fabrics tend to contain air inside when acts as substrate of patch
antenna, the 3D printing technique is used to establish conception model for different solid-infill

substrate and investigate the solid-infill effect on the performance of antenna applicator.
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Three-dimensional printing (3DP) technology, also known as additive manufacturing, is a
rapid layer-by-layer prototyping method for establishing conceptional models. Three major
printing mechanisms are Stereolithography (SLA), Selective laser sintering (SLS), and Fused
deposition modeling (FDM) (Rafig, 2017). While the former two process use laser to cure and
sintering photopolymer and powder respectively, the FDM process uses a melting extrusion
mechanism. The FDM features a lower cost and simple fabrication process compared the other
two methods. However, the resolution of FDM printers are lower than SLA printers. 3DP materials
provide multiple possibilities for various applications. As FDM 3DP materials, there are tough
filaments like polylactide (PLA) and acrylonitrile-butadiene-styrene copolymers (ABS); flexible
filaments like thermoplastic polyurethane (TPU); Conductive filaments like Electrifi (Multi 3D,
2019); and soluble filaments like Poly (vinyl acetate) (PVA). However, FDM 3DP has limitation
in the resolution, specially, unstable performance in printing low modulus filament like TPU. The
FDM 3DP technique is chosen for fabricating the flexible conformal patch antenna applicator
using TPU in this research. Since 3DP helps to fulfill two research interests: the first one is printing
the flexible and conformal substrate for patch antenna; the second one is to investigate the solid-
infill percentage influence on the final antenna heating performance.

This research project includes three sections: the first two sections are designed to
investigate the appropriate print setting for flexible TPU filament (NinjaFlex 85A) and the
conductive filament (Electrifi). The dielectric and conductive properties of two materials are tested
separately. The last section is to design and fabricate conformal antennas that printed in different

solid-infill levels.



Chapter 2. Literature Review
2.1. 3D printing techniques

3D printing(3DP), also known as additive manufacturing, is a rapid prototyping technology
through layer-by-layer manufacturing. ASTM International committee defines 3DP as “the
fabrication of objects through the deposition of a material using a print head, nozzle, or another
printer technology.” (ASTM F2792-12) In 3DP, objects are translated from computer-aided design
(CAD) into solids (Ligion et al., 2017).

The revolutionary 3DP technique developed from the 1980s. The first 3DP patent was
made by Charles Hull in 1984, who designed a stereolithography apparatus (SLA). Scott Crump
then invented the fused deposition modeling (FDM) process to print acrylonitrile butadiene styrene
(ABS) material (Rafig, 2017). However, none of those two methods can print metal. Consequently,
selected laser sintering (SLS), a metal printable process, was developed in the 1980s by Cael
Deckard and Joe Beaman (Rafiq, 2017).

The emergence of 3DP technology altered the fabrication of complex structures from
traditional individual parts assembling process into a bottom-to-top sliced layer manufacturing
process. Such assembling process realized the possibility of establishing the complicated
conceptual models with low-cost (standard desktop 3D printer is lower than $5000), reducing the
demand of labor and logistics, as well as less production time (hours instead of days or weeks).
3DP technology has widely applied into areas like tissue engineering (Murphy, 2014), drug
delivery (Prasad, 2015), electronics (Saengchairat 2017), art fashion and architecture designs.
Depending on the materials used, 3D-printed products could exhibit diverse mechanical and

electrical properties and therefore have extremely wide ranges of applications.
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In this research, 3DP technology provides the flexibility to adjust the substrate thickness,
air percentage that contained in the substrate as well as the design of shape. The FDM process

features easy manipulation and less printing time with a compromised resolution.

2.1.1. Stereolithography

Stereolithography (SLA) is defined by the ASTM F2792-12 standard as: “a vat
photopolymerization process used to produce parts from photopolymer materials in a liquid state
using one or more lasers to selectively cure to a predetermined thickness and harden the material
into shape layer upon layer.” The process is influenced by the light intensity, illumination time and
the viscosity of the material (Ligon et al., 2017). 3D system, which established by Charles Hull, is
a company that launched the first commercial 3D printer based on SLA technology. Typical
materials used in this process are thermoplastic resins. Compare to the FDM process, SLA is
capable of creating higher resolution objects with higher cost. The minimum layer height is
0.025mm (Formlabs, Inc [US]) and 0.05mm (Lulzbot, Inc [US]), for SLA and FDM process
respectively. However, the object may not be suitable for outdoor use since the sunlight, a UV
light source, may change the properties of the material. The illustration of SLA machine structure

is shown in figure 2-1 (Hull, 1986).

2.1.2. Powder bed fusion

Powder bed fusion is a process to generate solid structure by providing heat at a specific
location and inducing fusion between polymer particles. This process includes selective laser
sintering (SLS), selective laser melting (SLM) and direct metal laser sintering (DMLS). SLS is the

most popular process which uses lasers for selective curing of powder following CAD design.
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While SLA uses laser beam to cure photopolymers, SLS uses laser to sinter and fuse polymer
powder (Li et al., 2017). The demonstration of the SLS machine is shown in Figure 2-2 (Rafiq,
2017). The printable materials in this process are mainly thermoplastic polymers. Whereas, CO2
absorption efficiency, melt viscosity and melt surface tension of the printing material are additional
critical properties of polymer when being selected for SLS process. The defect of SLS product is
the high porosity caused by sintering (Ligion et al., 2017) and the particles and gases may generate

air pollution during the printing process (Vasilescu, 2017).

Figure 2-1. The elevational cross-section illustration of SLA system. 21-container of
curable liquid 22, Ultraviolet light is 26,27 cure the liquid on the working surface 23 to produce
object such as 30a, 30b, 30c on movable plate 29.

Reprinted from “Apparatus for production of three-dimensional objects by
stereolithography” by Charles W. Hull, August 08.1984. Copyright by Charles W. Hull

SLM and DMLS processes work for printing metal. The SLM process only works for metal
since it needs to metalize the material first entirely. However, the DMLS is appropriate for printing
metal alloy because this process only use heat to fuse the powder together on a molecular level

instead of fully melting them. (Redwood, Schoffer & Garret, 2017)



system
Laser f
ase \ Powder
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Powder
delivery T i Fabrication
system piston

Figure 2-2. The cross-section illustration of SLS system.
Reprinted from “3D Printing Technology, Applications, and Selection” by Rafiq
Noorani, 2017, P110, CRC Press, Taylor & Francis Group. Copyright by

2.1.3. Fused deposition modeling

The FDM process is an extrusion-based process to transfer melted polymeric filament onto
the printing bed under the instruction of the computer software, which slices the designed 3D
model into layers. This technique was created by Scott Crump of Stratasys Inc. in 1984 (Rafiq,
2017). The resolution of FDM printers is lower than the SLA printers (Redwood, Schoffer &
Garret, 2017). However, the printing process is more straightforward. Popular FDM printer
companies are Makerbot, Lulzbot, and Ultimaker, etc. Makerbot has its customized slicing

software. Other slicing software like Simplify 3D and Cura works for various printers.

2.1.3.1. FDM 3D printer mechanism
In an FDM printer, as shown in Figure 2-3 (Tuner, Strong & Gold, 2014), the thermoplastic
filament is fed by a pair of pinch rollers into heated liquefier, then extruded through the nozzle

onto the build stage. One of the rollers is linked to a stepper motor to provide power of feeding.



build material
filament feedstock

print nozzle

build material

Figure 2-3. Working mechanism of FDM process

Reprinted from “A review of melt extrusion additive manufacturing processes: I. Process
design and modeling” by Turner, Strong & Gold, 2014, 20(3), 192-204. Copyright 2014 by
Rapid Prototyping Journal

The pressure between rollers should be appropriately adjusted to slightly deform the filament but
not crush it. (Tuner et al., 2014) To prevent the filament from buckling during feeding, the pressure
should be kept between critical pressure (Pcr) and 1.1* Pcr, where

TL'ZEde
16Lg”

(Equation 2-1)

cr =

In equation 2-1. £ denotes the filament modulus, Lris the filament length between the rollers to
the entrance of the liquefier, and dris the filament diameter (Yardimci et al., 1997). The heat flux

in the liquefier is assumed to be constant, and is modeled as

q=mc,(T—T) = ( ”(”A)) (T—=T) (Equation 2-2)

Where m is the mass flow rate of the polymer through the liquefier, c,, is the heat capacity of the

polymer, T and T; is the temperature of the polymer at the end of rollers and entrance of the
liquefier respectively (Yardimci et al., 1997). A cooling fan at the side of the extruder helps solidify

the printed bodies quicker (Sun et al., 2008).



8

The commercially available FDM printer provides single or dual head extruders. Typically,
the working mechanisms of FDM-based printers are almost the same in terms of printer with
single-head and dual-head extruder. For 3D models that has an overhang larger than 45" or has a
bridge, the support structure needs to be generated. In this case, the dual-head printer is a better
choice. The materials for build part and support are printed alternatively in one layer by changing
the extruder. Printing support with soluble material eases the removal of the support part (Redwood,
Schoffer & Garret, 2017). Dual-head printer can also effectively lower the cost when the printing

material is high in value by employing a substitute material for supporting structure.

2.1.3.2. Materials for FDM process

In FDM process, many commercial FDM printers are designed to print from the filaments
in diameter of 1.75mm or 3mm. Most of them are thermoplastic polymers or functional polymer
composites. The materials possess various properties, ranging from stiff to flexible, dielectric to

conductive, which enables this technique to be potential option for various applications.

Stiff materials

The most frequently used materials include polylactide (PLA), acrylonitrile-butadiene-
styrene copolymers (ABS), polycarbonate (PC), and polyamides (PA). PLA and ABS are
widespread in daily printing. PLA is the most accessible material to start with, which prints well
under 220°C without a heated bed (Redwood, Schoffer & Garret, 2017). However, to successfully
print ABS requires a heated bed and higher extrusion temperature (230°C compare to 200°C of
PLA). Since the glass transition temperature is around 105 °C and there is no true melting point of

ABS considering its amorphous nature (RapRap, 2018).



Flexible filament

Thermoplastic polyurethane (TPU) is one of the widely used flexible filaments. Typically,
polyurethane as a condensation polymer is attained through the reaction of the diisocyanate, polyol,
and chain extenders (low-molecular-weight compounds) (Kojio, Furukawa, Nonaka & Nakamura,
2010). In the structure of TPU, the isocyanates and chain extenders react to form the hard segments;
the reaction of polyol and isocyanate forms the soft part (Thomas, Datta, Haponiuk &
Reghunadhan, 2017). The hard segments act as the physical crosslinking which is more flexible
compared to the chemical crosslinking of the thermoset polyurethane. The physical linkages will
fall apart when the temperature is higher than the glass transition temperature (Tg). Consequently,
TPU turns into an amorphous state upon heating above Tg while the thermoset polyurethane
remains unchanged.

The TPU applied to the additive manufacturing has a critical parameter called shore
hardness as an indicator of material stiffness. Different levels of shore hardness are shown in
Figure 2-4 (MakeShaper, 2018). In general, two categories, shore A and shore D, are used. While
the latter is frequently used to indicate the hardness of relatively hard materials, the former is
widely used to indicate the softness of relatively soft material. (MakeShaper, 2018) McDonough
et al. (2016) have studied the mechanical properties of TPU filaments with different hardness (85A,
95A, 75D respectively), and found that the 75D TPU filament has the highest tensile strength and
abrasion resistance while the 95A appears to be toughest filament. However, the 85A NinjaFlex

TPU filament has the highest elongation rate among the three kinds of filament.
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Figure 2-4. Shore hardness evaluation chart
Reprinted from “Types of Flexible Filament”, by MakeShaper, August 14, 2018.
Copyright by Santronics, Inc.

According to equation 2-1, TPU requires lower pressure than rigid filaments when being
printed owing to its smaller modulus than PLA and ABS. When using 3D printer like Makerbot
Replicator+, which is designed for PLA printing with a fixed pressure of loading filament, filament
buckling will occur as shown in Figure 2-5 (Ed Tyson, 2018). Two approaches enable to print TPU
successfully: the one is to lower the feeding pressure by altering the distance between rollers; the
other is to block the feeding path of filament (Fenner Drives Inc., 2018). Therefore, modification
of the extruder is necessary to prevent the flexible filament from buckling. The general idea of
extruder modification is to restrict the filament within the optimal feeding path inside the extruder
and minimize the distance between the feeding rollers and liquefier inside the extruder. For
example, the modified Makerbot Smart extruder is shown in Figure 2-6. The 3D-printed
modification part (grey part in Figure 2-6) was designed by Egemen Ertem (2015). This adjustment

blocks the filament buckling path which is the blue line marked in Figure 2-6.
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Figure 2-5. Bucking of filament inside the extruder
Reprinted from “The effect of process parameters on tensile behavior of 3D
printed flexible parts of ethylene vinyl acetate (EVA)”,by Kumar et al., Journal of
manufacturing process. Volume 35, October 2018, Pages 317-326

Besides, there are two types of extruder, Bowden and Direct drive. The primary difference
is the distance between the drive gears and liquefier (hot end). As shown in Figure 2-7, the distance
between drive gears and hot end is large in a Bowden extruder, while there is little distance in a
Directive drive extruder (Flowers, 2017). A direct drive extruder is preferred when printing
flexible filaments. Since the shorter distance between drive gears and liquefier reduced the

occurrence of filament buckling.

Filament feed path

Figure 2-6. Modification of Makerbot Smart Extruder
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Figure 2-7. Structure of Bowden extruder and direct drive extruder

Reprinted from “Bowden extruder vs direct extruder showdown” by Dana
Johnson, 3D printer power, [web of blog] from http://3dprinterpower.com/bowden-

extruder-vs-direct-extruder-showdown/

Soluble filament

A soluble filament is designed for dual-head printer and extremely useful to print
supporting structures. Poly (vinyl acetate) (PVA) and High Impact Polystyrene (HIPS) are
common materials that can promptly dissolve in the water or limonene solution without damaging
the printed bodies (Redwood, Schoffer & Garret, 2017). When the printed bodies include an
overhang structure that exceeds more than 45 degrees from the vertical-axis, such as a hemisphere,
a bridge or the letter “T”, support helps to prevent these parts from collapsing (Redwood, Schoffer
& Garret, 2017). When the supporting structure is printed from a regular material, it is difficult to
completely remove the support and often leaves a lot of residuals on the surface of the printed

body.

Conductive filament
To realize conductive printing for ease of manufacturing electronic parts, like printed
circuit board, several composite filaments made from polymers and conductive particles are

commercially available. The electrical conduction is achieved by the contact of conductive


http://3dprinterpower.com/bowden-extruder-vs-direct-extruder-showdown/
http://3dprinterpower.com/bowden-extruder-vs-direct-extruder-showdown/
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particles. A certain volume of conductive fillers in the composite the forms the conductive path.
There is a percolation threshold as the amount of the conductive component rising (Kirkpatrick,
1973). Flowers et al. (2017) compared resistivity and flexibility of three types of conductive
filament filled with carbon-black, graphene, and copper. Results show that Electrifi, which is
composed of copper and polyester, has the lowest resistivity (0.014 Q cm) but the highest
durability (more than 500 times bending). However, the resistivity would reduce by half for the
original filament which is 0.006 Q cm as claimed by the manufacturer (Multi 3D, 2018).
Researchers have tried to use Electrifi to fabricate electronic components like microstrip

transmission line (Roy, 2017) and inductor (Flowers, 2017).

2.1.3.3. Key Parameter

Several systematic or design parameters determine the ultimate printing performance.
These factors have an integrated effect on resolution, dimension accuracy and surface roughness
of the printed bodies. Also, the mechanical strength of the printed part needs to be well planned in
terms of printing direction (Bochmann, 2015). Settings were chosen to balance between printing
time and quality considering both economic productivity and printing quality. The systematic
parameters are decided by printers, for example, nozzle diameter and minimum step size of the
stepper motor, etc. Design parameters include nozzle diameter, printing speed, printing
temperature, layer thickness, and path planning. Researchers have established many empirical
modeling to help analyze the relationship between these settings and quality (Garg, Tai and

Savalani, 2014).
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System parameter

The systematic parameter includes the nozzle diameter, the minimum step size of the
stepper motor and the pressure drop between pinch rollers and the liquefier (Turner & Gold, 2015).
A smaller nozzle diameter will achieve higher resolution; however, the feeding pressure should
lower as the nozzle diameter decreases (Tuner et al., 2014). The smaller step size of the stepper
motor will raise accuracy. The flow rate of the feedstock filament would vary at the motion of
extruder start, stop, and sharp turns, therefore, influence the cross-section of the printed track
(Turner & Gold, 2015).

Convection cooling is closely related to the thermal behavior of the deposited filament,
which will affect the bonding quality between the printed track as well as the strength of the printed
part. The filament bonding is based on the sintering mechanism as shown in Figure 2-8 (Sun, Rizvi,

Bellehumeur & Gu, 2008), which occurs above the glass transition temperature (Tg) of the filament.

Figure 2-8. Sintering mechanism of filament bonding.
Reprinted from “Effect of processing conditions on the bonding quality of FDM
polymer filaments”, by Sun, Rizvi, Bellehumeur & Gu, 2008, 14(2), 72-80. Copyright
2008 by Rapid Prototyping Journal

As the nozzle head moving and the new layer of filament deposited, an experiment shows
that the bottom layer filament has a periodical temperature variation and temperature goes over Tq

regularly (Sun et al., 2008, Tuner et al., 2014). Proper cooling fan speed helps the better sintering.
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Design parameter
Overall, proper settings are critical to successful printing with high dimension
accuracy and low surface roughness. Firstly, it is necessary to know the material’s density,
melting temperature, surface tension and the thermal properties like thermal conductivity
and heat capacity. Consequently, parameters like the printing speed, extrusion and bed

temperature can be determined.

Printing speed
According to the Hagen-Poiseuille flow model, the volumetric flow rate Q through the

nozzle head is

Dn 4N
Q= % (Equation 2-3)
A= 2 (Equation 2-4)
VUprint

Where Dy is the diameter of nozzle head, AP is the total pressure drop in the liquefier,
is the viscosity of the polymer, A is the cross-section area of the printed road and L,, is the nozzle
length (Crockett and Calvert, 1996) The printing speed, which is affected by pinch rollers’ speed,
determines the cross-section area of the printed track. To print flexible material, printing speed
need to be decreased to reach a better adhesion and minimized stretch of the filament (Christ et al.,

2017).

Extrusion temperature and bed temperature
Extrusion temperature should be a little higher than the filament melting temperature to
achieve better adhesion between adjacent printed track (Vasilescu et al., 2017). However, it not

expected to be much higher, otherwise the filament that comes out from the extruder will be liquid-
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like. The fully liquid-like filament results in unexpected low extrusion pressure inside the extruder
(Vasilescu et al., 2017). A heated bed is not necessary for all kinds of printing material, but it will
aid the adhesion between printed body and the build plate. To improve the adhesion, it is
recommended to print a raft for the 3D printers without a heated bed. The raft is an additional base
structure that printed before the designed object. However, breaking away the raft will increase

the surface roughness.

Infill pattern and percentage

The infill structure is the repetitive solid pattern that printed inside the boundary of the
designed object. The infill patterns directly decide the printing time and the mechanical strength
of the printed object. For instance, the strength along the length and width direction can be
obviously different depending on the infill direction if it is linear. Patterns like rectangular,
triangular and honeycomb are more likely to provide uniform strength in all directions (Redwood
etal., 2017).

The infill percentage is decided by the end use of the printed part, considering both strength
and intended function. For general consumer printing, the infill percentage is 10% which is the
typical printer default setting (Redwood et al., 2017). Principally, to improve a specific physical
property in a research, infill percentage may change on research interests. For example, Moscato
et al. (2016) fabricated a flexible patch antenna using NinjaFlex and copper foil. They
characterized the dielectric properties of TPU substrates printed with the infill levels of 40%, 70%,
and 100% using a ring resonator method. Results show that the substrate with 70% infill has the

lowest loss tangent with similar dielectric permittivity value to the substrate of 100% infill.
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Layer thickness
For general FDM printer, the minimum layer thickness is around 0.04 mm — 0.06 mm
(Vasilescu et al., 2017). With lower layer thickness, the sliced object has more layers, therefore,

higher resolution printing is possible in the z-direction. Nevertheless, the printing time would

increase.

Path planning

The top view of the printed filament is modeled as shown in Figure 2-9. Three
circumstances will appear: positive airgap (voids exist between the printed tracks), zero airgap
(neither gap nor intersections exist), and overlaps (the printed tracks overlap). (Turner et al., 2015)
While planning the extruder moving path, design aims to achieve zero airgaps. Positive gap will
significantly lower the overall printed bodies’ strength while the overlap would cause inconsistent
layer thickness; consequently, both overlap and positive airgap situation are harmful to the

dimension accuracy and the next layer deposition (Agawala et al., 1996).

Actual tgol path Ach

i tool path
Actual ool peth . oot el .
Depasited material boundary —— Deposited material boundary

——— Deposited material boundary

Figure 2-9. Printed path illustration
Reprinted from “Structural quality of parts processed by fused deposition”, by Agawala et al,
1996, 2(4), 4-19. Copyright 1996, by Rapid Prototyping Journal
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2.1.4. Quality Evaluation

3D printing is widely applied to medical, mechanical and electrical areas. The products in
these areas require precise fabrication. High dimension accuracy and low surface roughness are
preferable. Additionally, mechanical properties like tensile strength needs to be considered in some

applications, such as printing a broken tooth in the dental industry.

2.1.4.1. Dimension accuracy

In addition to the aforementioned systematic and printing parameter, the dimension
accuracy can also be affected by the shrinkage and warping phenomenon of the printed bodies
(Redwood et al., 2017). The warping is caused by uneven heat distribution in the printed layers,
which is a result of layer-printing manner and material property. (Turner et al., 2015) The simple
measurement of dimension accuracy is to calculate the root mean square value of length and width
deviation between intended and produced sizes, along with the t-test (Bochmann, 2015). For
circular shapes part, accuracy is denoted by roundness which is measured by “examining the radius
of the second deposition layer from the top of the hemisphere and drawing the smallest circle that
would enclose the layer.” Then, the radius difference between produced and intended design is
calculated (Bochmann, 2015). To measure the dimension accuracy, the test block can be as simple
as a character “H” or as complicated as the combinations of cubic, hemisphere, holes, and other
shapes.

Device like digital electronic micrometer, electronic digital caliper, microscope or 3D
scanning machine can be used to characterize the object dimension. For thin metal foil or sheet,

ASTM E252 — 06 has established a reference method to calculate the thickness from the measured
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mass, cross-sectional area and the density of the thin sheet. The thin sheet thickness is obtained by

dividing mass by the density and cross-sectional area of the thin sheet.

2.1.4.2. Surface roughness

Surface roughness is evaluated in different ways according to whether 2D or 3D surface
roughness are measured. For 2-dimensional evaluation, the calculation of surface roughness
assumes the cross-section shape of the printed filament to be elliptical as shown in figure 2-10
(Ahn et al., 2009). The average surface roughness (Ra) and the root mean square of the average
height (Rq) are widespread indicators. Ahn et al. (2009) raised a calculation method using layer
thickness (t), overlap interval (c), the ratio (r) of width (w) and length (h) of the ellipse, and the
surface angle (0) to calculate the surface roughness Ra (See illustration in Fig 2-9). Surface
roughness at the layer n is acquired by dividing the final closed area (Ar) by the distance between
the two boundary lines (lb1, In2) at a fix surface angle. Ar is the summation of total enclosed area
by a temporary center line (It in figure 2-10), which position equalized the area of Ap and Av. This
model validated between surface angle ranging from 30 -150 ° where the profile of surface
roughness is quite stable. The computed results show in agreement with the experiment (Ahn et

al., 2009).

R, = %follf(x)ldx (Equation 2-5)

R, = /%jg}ﬂ(x)dx (Equation 2-6)
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Figure 2-10. Surface roughness calculation illustration
Reprinted from “Representation of surface roughness in fused deposition modeling.”, by Ahn et
al, 2009, 209(15), 5593-5600. Copyright 2009 by Journal of Materials Processing Tech

ISO 12085 (1996) provides the profile method for 2-dimensional surface texture evaluation.
This standard gives a contact measurement which is not suitable for soft material surface. As a
stylus travels along the surface, the up and down movement can be converted into electrical signals.
For 3-dimensional surface, ISO 25178-2 (2012), which is a standard for areal surface texture,
defines Sa as arithmetic means of the absolute of the ordinate values within a defined area. Sz is
the sum of the maximum peak height value and the maximum pit height value within a defined

area. Sa is expressed as:



21

Sa = % [[1z(x, y)ldxdy (Equation 2-7)

Available stylus device includes Talysurf Inductive gauge (Taylor Hobson Inc. USA),
Mitutoyo Surftest SJ-210 (Mitutoyo America Corporation. USA) and Veeco Dektak 150 surface
profiler (Veeco Instruments Inc. USA), etc. However, confocal laser microscope is more desirable
for 3D flexible surface roughness measurement as its non-contact measurement manner. Keyence
VKx1100 (KEYENCE CORPORATION. USA) and Nano Focus usurf (NanoFocus AG, USA),
which are commercially available confocal microscopy device, follows 1SO 25178 standard to

measure the areal surface roughness.

2.1.4.3. Tensile Strength

As a technique to establish conception model and rapid manufacturing, the mechanical
properties is critical for printed objects. Due to the limitation of the fabrication process, the
mechanical property of the printed object is inhomogeneous. The strength of the printed part
strongly depends on the print orientation, infill percentage, and infill pattern (Redwood, Schoffer
& Garret, 2017). Typically, the strength in vertical-axis direction is weaker (Redwood, Schoffer
& Garret, 2017). ASTM D638-14 (2014) establish a standard tensile properties test method for
plastics. This standard provides test piece specification, measurements of tensile strength, modulus,
and elongation. Melenka et al. (2013) have investigated the relationship between the optimal print
setting and material properties. They found that the infill percentage is a dominant factor affecting
longitudinal elastic modulus. The printed parts are anisotropic and the mechanical properties are

distinct from the feedstock material.
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2.2. Microstrip Antenna

Antenna is a transducer that converts the electric signal into the electromagnetic waves
(Fenn, 2018). An antenna working set up is shown in Figure 2-11. The first antenna was created
by Heinrich Hertz, whose name was abbreviated as the unit of frequency (Hz). In 1887, Hertz
published his antenna design which uses a dipole antenna as a transmitter and a loop antenna as a
receiver (Visser, 2005). Antenna influence contemporary life of human due to their essential role
in wireless communication. With the development of artificial intelligence, antenna becomes an

indispensable part of daily communication, scientific research and so on.

Transmission
Source line Antenna

Radiated
free-space
wave

Figure 2-11. Antenna working set up

Antenna can be characterized by frequency band or shape feature. When classifying
antenna by shape, there are wire antennas in forms of a straight line, a loop, or a helix (Fenn, 2018).
They are commonly seen in mobile phones, automobiles, and aircraft. Aperture antenna frequently
applies in high-frequency applications (Fenn, 2018). Microstrip antenna works at microwave
frequency range (300 MHz to 300 GHz) (Curto et al., 2015). It is popular in nowadays research
due to its low profile, low cost, and simple fabrication process. There are many types of microstrip

antenna in different shape, such as rectangular patch or circular patch (Balanis, 2005).
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The form of antenna has been varied through structural and material designs. Smart textiles,
as a new direction from antenna research, has led a new path of flexible antenna design for the use
of wearable electronic device. Based on the antenna shape design, the dimension can be tuned
several times smaller, for example, from 10 cm to 1 cm (Asili et al., 2015 & Curto et al., 2015).
To make antenna conform to the human body, designers made efforts to shrink the antenna
dimension and increase the flexibility of the material. Fenn et al. (2016) has designed a non-planar
conformal circular patch antenna array use 3D printing technology at operating frequency of 1.25
GHz. The measured and simulated results are in good agreement with a reflection coefficient lower
than -20dB (Fenn et al., 2016).

The concept of microstrip antenna was developed by Deschamps in 1953 and has been
widely studied afterward due to its advantages like inexpensivhhe, lightweight, conformal
structure, and circuit integration ability (Greg et al., 2001). The microstrip antenna consists of a
metal patch, dielectric substrate, and the conductive ground plane. The predominant methods of
feeding are coaxial feed and coplanar feed. Coaxial feed is convenient for simple design modeling
but not suitable for antenna array which requires multi-feeding. An increased amount of feeding
points means increased amount of contact resistance, processing and confined flexibility that
undermine the performance of antenna. The feed point needs to be optimized for selected
transverse electromagnetic mode (TEM) to realize the best impedance match (Greg et al., 2001).
Typical coplanar feed the design of microstrip as an extension part of the patch. The modeling of

coaxial feeding is shown in Figure 2-12 (Zheng, J.-X, Chang & D.C, 1991).
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Figure 2-12. Parallel plate waveguide fed by a coaxial probe
Reprinted from “End-correction network of a coaxial probe for microstrip patch
antennas” by Zheng et al., 1991, 39(1), 115-118. Copyright 1991 by IEEE Transactions on

Antennas and Propagation.

2.2.1. Radiation mechanism

To create radiation, assuming we have a single wire, the first criteria is to have moving
charge. Secondly, the charge needs to move oscillated in a time-motion if the wire is straight.
Otherwise, the wire needs to be curved, terminated or truncated if the charge moves uniformly
(Balanis, 2016). The radiation is generated at the end of the source and the remaining part of the
wire. The radiated field would keep exist no matter the source is ceased or not (Balanis, 2005).

For a microstrip antenna, the electric field (E-field) is distributed from the ground plane to
the metal patch. The E-field is considered to be normal to patch while modeling, as shown in
Figure 2-13 (Greg, Bhartia, Bahl & Ittipiboon, 2001). For large portion of microstrip antenna, the
ratio of substrate height and width (h/w) is pretty small (< 0.1) and could be neglected. Because of
the small h/w ratio, the tangential magnetic field is viewed as 0, as well as the field variation along
the patch height (h). Consequently, the radiation takes place along the four side walls. The radiation

generated along axis is considered to be 0 due to the equal and opposite electric field distribution.

Thus, the magnetic current density Ms is given by

—

Ms = —2Ax Ea (Equation 2-8)
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Where Ea represents the electric field. The presence of ground plane doubles the Ea (Gregetal.,

2001).

Figure 2-13. Electric field distribution with TM100 mode (Left) and current distribution on a
radiating slot.
Reprinted from “Microstrip antenna design handbook”, by Greg, Bhartia, Bahl &
Ittipiboon. Copyright 2001 by Artech House

2.2.2. SKin effect
Metal, as a media with high conductivity, will provide a total reflection when act as a
boundary. When the metal has a negligible magnetic field loss, the intrinsic impedance of metal
can be expressed as
7= \Jjou'[o (Equation 2-9) (Hippel & Arthur, 1995)
Where w stands for angular frequency; ' is the relative permeability, for materials feature
a permeability near 1, u ~ 4 x 1077 H-m™! ; ¢ is the conductivity of the material. The wave

propagates in the metal with a phase velocity of

v= . 2w/u'c (Equation 2-10) (Hippel & Arthur, 1995)
The electric field inside the conductor features large current density / at its surface but

attenuates inside until reach certain depth (&) where / = 0. And the skin depth & is written as:

1 2 .
6= /mwf = /M—w (Equation 2-11) (Zou et al., 2002)
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It’s clear to see that the skin depth depends on the operating frequency and the conductivity

of the material. To decide if the conductor is conductive enough to get over the skin effect,
evaluation can be made to satisfy equation 2-12, which includes the dispersion relation. When % L
1, indicating that little wave has penetrated into the conductor (Fitzpatrick, 2008). As claimed by
Xie et al., a minimum conductivity of 100 S/m is enough when ; < 0.53%.

8-l ]2 «1 (Equation 2-12) (Fitzpatrick, 2008; Xie et al., 2017)

A TC A| 2UC

2.2.3. Transmission line model

The transmission line model is the simplest way to analyze and calculate the antenna
parameters but has deficiency in its accuracy.

For a two-slot radiating microstrip antenna, the fringing appears along the width edges.
The electric field includes two dielectrics with different dielectric constant, air and substrate. Such
fringing effect enlarges the electrical dimension of the conductive patch, to integrate two dielectric
constants into one substrate, assuming the effective substrate is uniform, a calculation of effective

dielectric constant &. ¢ is introduced that includes the whole electric field. €, is a function of
frequency and substrate dielectric constant, whereas, it can be viewed as a constant at low-

frequency range and be calculated through equation 2-14 (when % > 1):

er—1

Eop = 04 R[4 120712 (Equation 2-13) (Balanis, 2016)

As shown in figure 2-14, the enlarged electrical dimension can be expressed with effective
length (Lsf):
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(£epf+0.3)(5+0.264)

AL = 0.412h (Equation 2-14) (Hammerstad, 1975)

(ff—0.258)(5+0.8)

The width of antenna keeps unchanged, calculated as:

1 2 . .
W= YN P 2fr p—e (Equation 2-15) (Bahl & Bhartia, 1980)

The input impedance is calculated use following equations, which help to decide the feed

point to reach optimized impedance matching:

Zip = %cosz(ﬁLl) (Equation 2-16) (Derneryd, 1978)
G=G,+G,
—()? W<
Gs=1" v (Equation 2-17) (Balanis, 2016)
—(—) W > A
120 \ 1

ko
fﬂ sm(— cos @

cos 6

Gp = l]o (koL sin 8) sin® 6d@ (Equation 2-18) (Balanis, 2016)

120n2

Where ¢, is the dielectric constant of substrate; h, W is the height and width of substrate
respectively; f,. is the resonant frequency; v, is the speed of light in free space, v, = 3 x 108 m/s;
G, is the radiation conductance of isolated slot, G,, is the mutual conductance of two slot; J, is the
Bessel function of the first kind of order zero; f is the propagation constant, L, is the feed point

where x = L,, k, is the free space constant.

Radiating Radiating
slot #1 slot #2

\ £, Substrate

(a) Ground plane
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Figure 2-14. (a) Physical dimension and structure of two radiating slots microstrip antenna; (b)

effective length of microstrip patch (top view); (c) side view of fringing effect with effective
length.
Reprinted from “Antenna theory: Analysis and design” by Balanis, C. A. 2016. Copyright 2016
by Wiley

2.2.4. Cavity model

As illustrated in the radiation mechanism, the microstrip antenna can be modeled as a
cavity whose top and bottom serve as the electric field and the four-side wall is treated as perfect
magnetic conducting surface (Greg et al., 2001). The cavity model includes both the fringing effect
and the assumption of lossy material compared to the transmission line model which makes it in a
higher accuracy level (Balanis, 2016). By considering the substrate as lossy material under TM1o

mode, an effective loss tangent &, and its reciprocal @ are introduced by considering the fringing

effect:
Sepr = tand + %+ w’;ﬁ (Equation 2-19) (Greg et al., 2001)
T
Q= 51ff = RyC/L (Equation 2-20) (Greg et al., 2001)

Where tan 6 is the loss tangent of the substrate, A is the skin depth of patch, B. is the power

radiated by patch, Wy is time-averaged total stored energy, R is the resonant resistance. The
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specific calculation method of B. and W for a defined mode (m, n) can be found in (Hubregt J.,
2005).
In this case, the cavity model can be viewed as a parallel R-L-C (resistor-inductor-

conductor) network, and the resonant frequency f,. and input impedance Z;,, can be calculated by:

1

fr = Py (Equation 2-21) (Greg et al., 2001)

1

Zin =Rin +jXin = (Equation 2-22) (Greg et al., 2001)

The dominant mode selection is based on the lowest resonant frequency selection principle.
For most of microstrip antenna, the dominant mode is determined to be TMoiowhen L > W > h;
mode is TMoo1 when W > L > h, electric field distribution of two modes are shown in Figure 2-

15.

TM* g,

| Il
(a) HJ (b) “—M‘“/

Figure 2-15 Electric field distribution of TMoi0and TMgo1 mode.

Reprinted from “Antenna theory: Analysis and design” by Balanis, C. A. 2016. Copyright 2016
by Wiley

2.2.5. Characterization of complex permittivity

The dielectrics are insulators which enable the shift of electrical charges causing
polarization under an electric field; otherwise, the electric charges would stand still without
external electric field presence, in this case, the dielectrics act as an insulator. For microstrip

antenna design, the dielectric property is critical which relates to resonant frequency, input
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impedance as well as the final antenna performance. The highest performance is reached when the
radiated signal is fully reflected. The dielectric permittivity is a complex number which consists
of two parts, the real part and imaginary part. The imaginary part is also known as loss tangent. A
lossy dielectric material features a higher loss tangent which is responsible for high attenuation
(Baker-Jarvis et al., 2001). The loss tangent is the reciprocal of the quality factor. The total quality
consists of dielectric loss, conductor loss, and radiation loss (Pozar, 2012). To measure the
properties of dielectrics, there are three methods that frequently used: split post dielectric resonator
(SPDR), cavity method and ring resonator method. The major difference between SPDR method
and the other two method is the distribution of the electric field. For TMom mode cavity, the electric
field spreads normal to the substrate surface which resembles the E-field distribution of microstrip
antenna field distribution. Whereas, the E-field is in-plane for SPDR measurement which gives
more accurate loss tangent result. Consequently, a comprehensive dielectric characteristic for

anisotropic material can be obtained by combining two results (Baker-Jarvis et al., 2001).

2.2.5.1. Cavity perturbation method

This method includes in the ASTM D2520-13 standard, which is flexible in test material
dimension and shape over microwave frequency range of 0.5-50 GHz. First, test the resonant
frequency of a reference material with known permittivity at specified location inside the cavity,
followed by the second unknown-permittivity material positioned at the same place and records
the resonant frequency. This procedure requires an accurate specimen dimension, which standard
deviation is within 0.0025 mm. A schematic of resonant cavity method is shown in Figure 2-16
(Venkatesh & Raghavan, 2005). Calculation formulas list below: (Venkatesh & Raghavan, 2005)

k'—1=AX + BX%*+ CX3 + DXx* (Equation 2-23)
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X = [(&)2 — 1] (Equation 2-24)
fs

tand = '; = (Equation 2-25)

Z(dfs/dk') K’ (_ B _)
Where k' and k"'is the real and imaginary part of complex permittivity; f; and f; is the
resonant frequency for specimen and empty cavity respectively; Qs and Q. is the quality factor of

specimen and empty cavity respectively.
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Figure 2-16. The illustration of resonant cavity method (R: reflected power, T:

transmitted power)
Reprinted from “An overview of dielectric properties measuring techniques” by
Venkatesh & Raghavan, 2005, 47(7), P15-30. Copyright 2005 by Canadian Biosystems

Engineering.

2.2.5.2 Cavity resonator method

The cavity resonator method is a closed conductive box that enclose the electrical and
magnetic energy inside. Typical shapes are rectangular or cylinder. The resonate frequency
depends on its dimension. For a TM,,,,,, mode cavity with a r = h (as illustrated in Figure 2-17),

frequency is calculated by
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1 mn -
fritmnp = Fmyms \/ (Fmmyz 4 (B5)2 (Equation 2-26)

The frequency will shift after fill material into the cavity entirely instead of air. The real
part of the complex dielectric permittivity is inversely proportional to the square of the shifted
frequency (Bharambe, 2017). The loss tangent is the reciprocal of the dielectric quality factor. By
eliminating the quality factor of the air-filled cavity from the material-filled quality factor, the
dielectric quality factor is obtained. (Pozar, 1998) This method is preferable than other open-ended
measurement methods, like transmission line or ring resonator methods, owing to its higher

accuracy.

Figure 2-17. Resonant cavity model

2.2.5.3. Split post dielectric resonator (SPDR)

In this method, the real part of permittivity is determined by both the resonant frequency
and the substrate thickness (h). Additionally, the loss tangent calculation takes the consideration
of metal enclosure loss (Q. %), dielectric loss (Qpr ") of the fixture as well as the electric energy

filling factor (P,) as shown in equation 2-29 (Krupka, Geyer, Baker-Jarvis & Ceremuga, 1996).
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el =1+ W’;"—Zh) (Equation 2-27)
ofe(Er/,
' _ _Jofs :
K.(g/, h) = EET (Equation 2-28)
tand = (Q~ 1 — Qpr ' — Q. ) /Pus (Equation 2-29)
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Figure 2-17 Schematic of SPDR fixture.

Reprinted from “Measurements of the complex permittivity of microwave circuit
board substrates using split dielectric resonator and reentrant cavity techniques” by
Krupka et al., 1996. Copyright by IET

2.2.5.4. Ring Resonator

The ring resonator is simply to design and fabricate. The illustration is shown in Figure 2-
18. This method is frequently used in inkjet printing and 3D printing research areas due to its
simple processing and intermediate accuracy (Venkatesh & Raghavan, 2005; Bahr et al., 2015;
Rashidian et al., 2012). The relative permittivity can be easily calculated with the measured
resonate frequency and a known ring radius. The dielectric loss tangent can be calculated by the
quality factors (Yang et al., 2007) The conductor loss and radiation loss are considered and
extracted from the total loss. Using vector network analyzer (VNA) measures the resonant

frequency (GHz), -3dB bandwidth (GHz), and insertion loss (dB) at the resonant frequency.
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Figure 2-18. Ring resonator top view, W denotes patch width, L denotes patch length, Ws

denotes strip width and ring width.

The calculation follows the equations below: (Zou et al., 2002)

r= % (Equation 2-30)

Eeff = (m)z (Equation 2-31)

=1+ tvzj:) 03 (Equation 2-32)

Werr = W + = (1 + In(3)) (Equation 2-33)

Where €, is the effective relative permittivity, r;, is the ring radius, the n th resonant

frequency f, obtained from measurement of the insertion loss, c is the speed of light, h is the

substrate thickness, w, s is the effective strip width.

Aox\[Eaff(er—1 :
tan s = ZaxAoxeerr(Er—1) (Equation 2-34)
8.686Xmxer(geff—1)
Werf
Rss 8.686 Werr h
a. = = X (1+——+
¢ Zoh T (CL 2inenxeLL 10.94)))2 G 0.4 )t verf
t
2 x(In (2+ 1) - (1_§) ) (Equation 2-35)
TXWeff t (1+37)

R, = /%Ofo X (1 +=tan"'(1.4 X (?)2)) (Equation 2-36)
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Qtotal = 0 ;Tff =ag tacta (Equation 2-37)
0te
A .
Aepr = _ssz (Equation 2-38)

Qo = h (Equation 2-39)

BW _345%(1—1020 )

Where the attenuation due to the dielectric a4, due to conductor a,, due to radiation a,..
a, is negligible. a calculation equation includes the effect of the surface roughness. R, is the ac
resistance of the copper conductor in the rings in ohms. A is the mean of surface roughness of
conductor trace, ¢ is the skin depth of the conductor surface.Q, is the unloaded quality factor. A s
is the effective wavelength, A, is free-space wavelength. BW_;,5 is the -3 dB bandwidth, LA is
the insertion loss. By including the effect of skin depth and surface roughness, the loss tangent

calculation becomes more accurate.

2.2.6. Antenna evaluation
The evaluation of antenna needs to clarify the interested region: near field, Fresnel and far

field region. The measurement method can be different from regions (Fenn, 2018). The near field

2
region is within 0.62\]%, while the far field region beyond %, where D denotes the maximum

dimension of the antenna. (Fenn, 2018)

2.2.6.1. S parameter
The S-parameter is examined by a two-port network which has two reflected voltage waves
b, and b, corresponding to the incident voltage waves of a, and a,. General expression of the S-

parameter is a matrix:
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S S
S = [ 11 12]
S21 Sz

When a, = 0, S;; = b;/aq, S;1 = by /a,. (Fenn, 2018) It is obvious that the S-parameter
build up bonds between the incident power and reflected power; therefore, S;; or S,, can be a
representative of the reflection coefficient or return loss. In most cases, the accepted S;; range is
expected at least below -10 dB, means over 90% of the incident power has been transmitted. Lower
S11 result indicates lower return loss, that is, better impedance matching.

Research has shown that slightly curved microstrip antenna will yield a lower return loss.
Moscato et al. (2016) investigated the curved antenna S;; performance. It turns out that the little
bending with 5 cm radius will enhance the transmission; however, further decrement on the
bending radius will undermine the reflection coefficient. Overall, bending improves the antenna

performance as shown in Figure 2-19 (Moscato, 2016).

Frequency (GHz)

Figure 2-19. Reflection coefficient of flexible patch antenna under different bending.
Reprinted from “Infill-dependent 3-D-printed material based on NinjaFlex filament for
antenna applications” by Moscato et al., 2016, 15, 1506-1509. Copyright 2016 by .IEEE

Antennas and Wireless Propagation Letters

2.2.6.2. Radiation pattern
Radiation pattern is a plot of far field radiating power (dB) versus radiating position

(degree). The pattern features one main lobe with the highest radiating power and several sidelobes
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with minor power radiated. The back lobe is the lobe in the opposite direction of the back lobe. An

example of radiation plot is shown in Figure 2-20.

Horizontal radiation pattern

Figure 2-20 Example of radiation pattern

Reprinted from “965-70 Parabolic reflector antenna”, Copyright by Comprod 2016.

Antenna which has a distinctive main probe will focus the radiating power in a specific
direction. The measurement of the power focusing performance is namely 3 dB beamwidth. It is
calculated by the width of the main beam in degree, at which the power level is 3 dB away from
its peak value (Pozar, 2012). Alternatively, directivity can also be an indicator of the antenna
focusing ability. Directivity is “a ratio of the maximum radiation intensity in the main beam to the
average radiation intensity over all space.” (Pozar, 2012) Since beamwidth changes all the time
with the main beam. There isn’t a direct relationship between beamwidth and directivity in

different antenna patterns; however, a narrow main beam represents a higher directivity.

2.2.6.3 Specific absorption rate (SAR)
SAR represents the absorbed electromagnetic energy of human body. It is calculated by

absorbed power per unit mass (W/kg):
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o|E|?

SAR = - (W/kg) (Equation 2-40)

Where |E| is the amplitude of the electric field (V/m) and p is the medium density (kg/m?)
(Suresh et al., 2018). It can be calculated and generate visual plot in the simulation software such
as HFSS (example is shown in Figure 2-21). However, the measurement of this parameter is not
straight forward. Either a probe or infrared camera is needed to record or display the temperature

at a specific point or range (Ito et al., 2001).

Figure 2-21. SAR simulation in Ansys HFSS (Asili et al., 2015)

Reprinted from “Flexible Microwave Antenna Applicator for
Chemo-Thermotherapy of the Breast”, by Asili et al., 2015, 14, 1778-1781. Copyright
2015 by IEEE Antennas and Wireless Propagation Letters

To apply the real-time measurement, tissue phantom is fabricated that features similar
electromagnetic characteristic with human tissue. Typical breast tissue consists of three layers, that
is, skin, fat, and glandular tissue. The skin features the highest relative permittivity of 36 F/m and
the highest conductivity of 4 S/m while the other layers relative permittivity stays around 10 F/m
(Suresh et al., 2018). However, the actual value varies with frequency as shown in Table 2-1

(Zajicek & Vrba, 2010).



39

Table 2-1. Dielectric parameters of a home-made muscle tissue phantom

Frequency (MHz) & tan 6 2 (S/m)
434 60.9 0.86 1.26
915 58.6 0.54 1.60
1800 53.1 0.47 2.50
2450 48.5 0.48 3.14

2.2.6.4. Antenna simulation

Antenna simulation software simplifies the process of design and creates a comprehensive
understanding of the real project. By changing design parameters in the simulation software,
designers are able to optimize the design under different situations promptly.

There is several different antenna simulation software, like HFSS, XFdtd, and CST Studio
Suite. Two kinds of mechanism of these software are finite element method (FEM) and finite-
difference time-domain method (FDTD) (Hall, 2012). Both of them will create a finite mesh to
divide the electromagnetic object into several pieces. If structure has sharp angles, the latter one
would be much smaller grid size than the former. It is caused by the way it creates meshes which
are required the mesh cells smaller than the smallest part of the structure. Such meshing method
would result in a large amount of computation works as well as time (Hall, 2012).

When doing the simulation, the critical parameter can be set as design variables for the
ease of optimization trial. Through the equation 2-14 to 2-19, the patch antenna length would
decide the resonance frequency while the patch antenna width would change the parameter

impedance matching.
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2.3. Heat treatment for cancer

Heat treatment is used for relieving tissue pain and carcinomatosis treatment in the medical
field. Heating can partially expand the blood vessel, and consequently, increase the blood flow;
the circulation is enhanced simultaneously, which helps relieve the muscles’ pain (The Gale Group,
Inc., 2008). For cancer therapy, the basic principle of hyperthermia treatment is locally increasing
the temperature around tumor to the degree that can only kill the cancerous cells or cause tumor
shrinkage with minimal effect to healthy tissues (Huang & Liauh, 2012). This selective heating is
the result of the unique properties of tumor. The microenvironment inside tumor is hypoxic, heat-
sensitive and lacking in nutrition, which leads to the lack of ability to dissipate thermal stress away
(Spirou et al., 2018).

In general, there are four ways to transfer heat between objects: conduction, convection,
radiation, and evaporation. Conduction is the most commonly seen heat treatment mechanism,
which transfer heat by contact between objects, (Janna, 2009) such as the heating pad and water
bottle. The heat energy can be transferred from various energy source, such as electric energy,
chemical reactive energy, and radiation energy. The heat transfer mechanism inside the biological
tissue can be complicated since the blood perfusion is a part of heat energy loss. To characterize
the thermal behavior inside the biological tissue, the thermal conductivity, thermal diffusivity and
specific heat capacity of tissue should be clarified (Rossmann & Haemmerich, 2014).

According to the American Cancer Society (2019), the occurrence of breast cancer is 12.5%
in the US. Available cancer treatment device can be invasive or non-invasive. Typical invasive
treatment, known as thermal ablation, requires a needle that penetrates to the tumor applying
instant high-intensity heat (over 60 °C) for a few seconds (Huang & Liauh, 2012). Differently,

hyperthermia treatment targets the temperature range of 41 to 45 °C and lasts for 30 to 60 minutes.
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Hyperthermia treatment can kill the cancer cell, however, it can be an adjuvant therapy to
enhance the curative effect of other treatment, like chemotherapy and radiotherapy. Interstitial
hyperthermia requires implant of antenna inside tissue by surgery, which is an invasive treatment.
The external electromagnetic hyperthermia treatment is a non-invasive heat treatment by
transferring concentrated radiation energy into heat energy; therefore, partially increased the
temperature inside the tissue. For both methods, the current limitation is the heating depth and
treatment volume (Tishin et al., 2016).

Waveguide antenna acts as hyperthermia applicator and is a favorite way for clinical breast
cancer hyperthermia treatment. (Curto et al., 2015) The electric field (E-field) distribution can
affect the energy penetration depth. If E-field is parallel to skin, fat and muscle interface, the
deposited energy targets at deeper tissue. (Hall, 2012) Otherwise, in vertical E-field configuration,
the radiated energy is mainly deposited on superficial fat (Paliwal & Shrivastava, 1989).
Additionally, the penetration depth also depends on the frequency. At hundreds of Megahertz
range, the microwave penetration can rise to 400 meters in fat. Therefore, this MHz range is
suitable for in-vivo medical implants’ communication. The gigahertz range, where the penetration

depth only twenty millimeters, is selected for non-invasive superficial treatment (Hall, 2012).
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Chapter 3. Experiment |

Investigation of the proper settings to 3D-print a conductive polymer
The patch and ground plane are conductive components in a microstrip patch antenna.
Lower surface roughness and higher conductivity would benefit the antenna performance (Honari,
Mirzavand, Saghlatoon, & Mousavi, 2018). Therefore, the experiment | investigated the proper
temperature and speed settings to 3D-print a conductive polyester/copper composite. The surface

roughness, dimension accuracy, and electrical conductivity are measured under different printing

temperatures and speeds.
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3.1. Research Question
3.1.1. Research question 1

Does the printing condition affect the surface roughness of 3D-printed conductive
polymers?

Null hypothesis 1 (Ho,1): The means of surface roughness are equal under different printing
conditions.

Alternative hypothesis 1 (Ha1): The means of surface roughness are not equal under
different printing conditions.
3.1.2. Research question 2

Does the printing condition affect the dimension accuracy of 3D-printed conductive
polymers? The dimension accuracy was calculated by subtracting the designed value in the 3D
model by the measured value in the printed sample.

Null hypothesis 2 (Ho2): The dimension accuracy is equal under different printing
conditions.

Alternative hypothesis 2 (Haz2): The dimension accuracy is not equal under different
printing conditions.
3.1.3. Research question 3

Does the printing condition affect the conductivity of 3D-printed conductive polymers?

Null hypothesis 3 (Ho,3): The conductivity is equal under different printing conditions.

Alternative hypothesis 3 (Ha3): The conductivity is not equal under different printing

conditions.
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3.2. Method

3.2.1. Material

The conductive polymer, Electrifi, features a conductivity of 1.67 x 10* S/m before printing
and a conductivity of 8.3x10% S/m after printing in the horizontal position (Multi3D, LLC, 2018).
The Electrifi filament is a composite of biodegradable polyester and copper. The specific
composition percentage does not claim by the Multi 3D company. Electrifi was selected in this
experiment for its excellent electrical conductivity when compared with other common conductive
PLA filaments filled with graphene and carbon black particles, such as Black Magic 3D® and
Proto-pasta®. The Proto pasta® possesses the largest resistivity while the Electrifi features the
lowest resistivity, which is an agreement with the experimental results reported by Flowers et al.
(2017). The resistivity of the Electrifi is lower than 1.5x10* Q-m, which is tens of times lower than
the Black Magic 3D filament. According to equation 2-35, the material that possesses lower
resistivity is a better choice due to its lower conductor loss, consequently, enhance the radiation

efficiency.

3.2.2. 3D printing with Electrifi

Leapfrog Creatr HS is a dual-head FDM printer which is capable of a 20 x 23 x 18 cm
build volume. The minimum layer height of this printer is 0.02mm which is small among the
commercially available FDM printers. The printer includes a heated building platform and works
with a filament diameter of 1.75 mm. The printer is capable of printing various of filaments, such
as PLA, ABS, PVA and Electrifi.

According to the Multi 3D company (Multi3D, LLC), the filament prints well within 140-

160 °C temperature range and 10-45 mm/s speed range. However, the test print trials turned out
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that the settings provided by the company are not fully reliable. The Electrifi filament was not fully
melted in the extruder when printed under 140 °C. The printing speed of 45 mm/s was too fast that
might damage the printed bodies. The test print trials were conducted to find the printable
temperature range for Electrifi filament. The obtained maximum and minimum critical values for
printing temperature and speed were selected as two levels of temperature (155 °C and 170 °C)
and speed (10 mm/s and 20 mm/s) as independent variables, as shown in Table 3-1. A 20x20x6
mm cube model, as shown in Figure 3-1, was designed in the Autodesk Tinkercad (Autodesk, Inc.),
exported as an “.stl’ file to the slicing software, Cura (Ultimaker B.V., USA), then sent to the
printer in the ‘.gcode’ format. The printing temperature and speed could be adjusted in Cura. The
Electrifi samples were printed in two consecutive square lines which was considered as the
boundary. Then the extruder traveled inside to print lines at a 45 "angle to the boundary until fully
filling the inner region, as shown in Figure 3-2. Electrifi samples were successfully printed for the

measurements under the chosen printing temperature and speed.

Table 3-1. Independent Variables for Electrifi Printing

Temperature (°C) (?:;G;S)
155 10
155 20
170 10
170 20
—— o .,
(a) ®)

Figure 3-1. The design of Electrifi-printed cube:
(a) Side view of printing sample; (b) Top view of printing sample;
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170 °C
20mm/s
|

Figure 3-2. Printed samples of Electrifi

3.2.3. Surface Roughness Measurement

The confocal laser scanning microscope, Keyence VK-1100 (Keyence Corporation, 2019),
was chosen to measure the surface roughness. Since it performs in a non-contact manner which
will not damage the sample. The structure of the Keyence VK-1100 is shown in Figure 3-3. This
device works based on the single pinhole confocal principle. By adjusting the position of the
observation plate form, the test piece would be placed at the focal point (Fu et al., 2018). For 3D
characterization, the laser light will firstly go through the x-y scanning optical system as shown in
Figure 3-3. Then, the objective lens will move along vertical-axis for the second scanning. The
scanned region size is 2.752 x 2.064 mm. However, this device features a function of ‘stitching’,
which scans several sample positions in sequence and stitch them in order of x-y coordinate. The
‘stitching’ function allows to scan over-sized samples. The defect of this device is that the lens

needs to adjust the focal point during each scanning; hence, the measurement time would be longer.
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However, if the stylus measurement is chosen, the resistivity result may be affected by small

contact destruction that caused by the probe.

Color CMOS camera Half mirror o
“" E i Short-wavelength

laser light source
@S Condensing lens

.'I
.,
2 | X-Y scanning <= Pinhole
Half mirror optical system
4 ! 2 I
P e Light-receiving element

) (photomultiplier)
\ € White light

source
Half mirror

" Observation target

gy,

Figure 3-3. The inside structure of Keyence VK-1100 confocal laser scanning microscope
Reprinted from “The Principles and advantages of laser microscope”,Copyright Keyence
Corporation. 2018

The surface roughness measurement of Keyence VK-1100 follows the 1ISO 25178 standard
(2012). The scanning area of 20 x 10 mm was selected, resulting in the stitching of 45 images
together. An example of stitching image is shown in Figure 3-4. The red rectangular represents
one scanning image which is considered as a unit cell. The measurement performed in the VK
Viewer Application software. The first step was to adjust the sample position by placing the test
sample in the field of view center and adjusting the sample stage in the vertical direction until a
clear image is seen on the VK Viewer Application software. The next step required to capture a
navigation image of the entire sample. The navigation image is a quick scanning image to preview

the entire sample and provide the location information for executing stitching. Half of the sample
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was selected in the navigation image to perform stitching. The surface roughness was calculated

as the mean of the absolute of the ordinate values within a defined area (Sa).

Sa = = [[12(x,y)ldxdy (Equation 3-1)

Figure 3-4. Stitching image of Electrifi printed at 170°C, 10mm/s.

*The red rectangular represents one scanning

3.2.4. Dimension Accuracy Measurement

The dimension accuracy was evaluated by dimension deviations of the length and thickness
of the printed Electrifi samples. The deviation was calculated by subtracting the designed value in
the 3D model by the measured value in the printed sample. Therefore, a lower deviation value
stands for a higher dimension accuracy. The length was measured in the high-resolution stitching
image which was scanned by Keyence VKx1100 to minimize the manual error. Three point-to-
point measurements per image was conducted, as shown in Figure 3-5. Since the thickness of the
patch is 0.6 mm which cannot be stable on the platform when placing it at the side-view position.
A Traceable® digital caliper (Thermo Fisher Scientific, 2019) was chosen to measure the thickness
of sample. The specification of the digital caliper is shown in table 3-2. The digital caliper has a

resolution of 0.01mm to measure the length that lower than 150 mm.
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Figure 3-5. Length measurement of the Electrifi sample printed at 170°C, 10mm/s.

Table 3-2. The specification of digital caliper

Model Number Resolution Accuracy Range
14-648-17 0.01 mm +0.03 mm 0 to 150 mm

3.2.5. Conductivity Measurement

The four-point probe method was chosen to measure the conductivities of the printed
Electrifi cubes to minimize the contact resistance and increase the accuracy of the results. In
general, there are two methods to measure the resistivity: two-point probe and four-point probe
method. The former method uses the same probe to provide current and measure the voltage,
therefore, the probe resistance (Rp) and the contact resistance (Rs) are interference factors to
calculate the resistivity of a conductor. However, the four-point probe method separates the current
and voltage input probe, which makes the Rs and Rp neglectable. The four-point probe fixture
includes a current source (Keithley 6221), a nanovoltmeter (Keithley 2182A), a four-probe set up
and K16220 computer software. After inserting the sample under the probes, calibration was

needed to ensure good contact between probes and sample. Every sample was measured for ten
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times by changing the location of the measurement, and 1000 points were captured in a time

sequence in each measurement. The testing set up is shown in Table 3-3.

Table 3-3. Four-point probe testing set up

Point Highest Lowest Voltage Dela Voltage
spacing current Current Compliance y Range
2 mm 1 mA -1 mA 100V 4s 10 mV

The results that presented by the fixture is the resistance of the samples in ohm (€2), which
is the result of voltage divided by current. For four probes set up with the same spacing (s),
assuming the current distributed into an infinite sample was in the shape of a hemisphere, the

electrical resistivity (p) was calculated as: (Schroder, 2006)
14 s .
p = 2Ts Tts3 (Equation 3-2)
However, a correction factor F should be multiplied to equation 3-2 since most samples are not

infinite. F is the product of F1, F2, and F3, where

F, = +h(£) (Equation 3-3)
n[sinh(t/szs)

In(2)

d/s)2
ln(2)+ln[§d;z%]

F, = (Equation 3-4)

In this research, F; was viewed as 1 since the sample boundary to probe space was larger than
6mm. F, is the correction factor for sample thickness, F, corrects the lateral dimensions, and F; is
the correction for the location of the probe on the sample in relation to sample boundaries. In the

end, the conductivity can be attained as the reciprocal of resistivity (Schroder, 2006).
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3.2.6. Statistical Analysis

The oneway analysis was performed in JMP (SAS Institute Inc., 2019). The analysis of variance
(ANOVA) was used to test the equality of mean assuming that the variance of two groups of
samples are equal. Otherwise, the Welch’s test was performed, which tested means’ equality
allowing the variance difference. The significance level was set to be 0.05 in this research. The
null hypothesis (means of two groups of samples are the same) was true if the p-value was larger
than 0.05. Inversely, the alternative hypothesis became valid when the p-value was lower than

0.05.

3.3. Result and discussion
3.3.1. Surface Roughness Results

The surface roughness results of unit cells are organized according to their location in
stitching image for every sample, as shown in Figure 3-6. Since the printed patterns were
significantly different within a sample, the surface roughness was reported separately for inner and
outer regions: the highlighted yellow part contains the edge of the sample, viewed as ‘boundary
samples’; the rest data are ‘inside’ samples. The ‘inside’ sample are lines printed in the same
direction while the boundary samples have three different printing orientations. The oneway
ANOVA results are presented in Table 3-4. From the Table 3-4, the ‘inside’ data is chosen to
make answer the research question since the printing directions of the ‘inside’ samples are identical
and the amount of the data is twice of the boundary data. The ‘inside’ data indicate that surface
roughness significantly increased with the decreasing temperature and increasing speed at 99%
significance level since p-value are lower than 0.01. The average areal surface roughness (Sa) are

presented for four samples printed under the different conditions in Figure 3-7. The figure shows
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that the sample printed at 170 °C and 10 mm/s has the lowest surface roughness. In conclusion,

the best Electrifi print setting should be 170°C at 10 mm/s to obtain the lowest surface roughness.

16.021 | 11.632 | 13.042 | 15.737 | 12.959 | 9.595 8.351 9.910 18.445
13.104 | 11.954 | 14.714 | 12.806 | 8.946 8.182 7.128 10.060 | 15.725
15.654 | 13.679 | 14.988 | 9.378 7.935 7.238 7.262 9.366 14.149
14,673 | 13.981 | 10.712 | 8.545 7.808 7.317 8.645 8.844 11.549
20.403 | 22.148 | 19.356 | 17.229 | 15.952 | 13.413 | 13.521 | 25.911 | 34.994

Figure 3-6. Surface roughness results of the Electrifi printed at 170°C, 10mm/s

* the highlighted yellow cells contain the edge of the sample in the stitching image

Table 3-4. Surface roughness ANOVA results

. Factor Sa (Um)
Location . Number of samples — -value
' (x-axis) ! P Mean | Standard Deviation p-valu
155 27 26.880 13.403 N
T t °C 0.0031
Boundar emperature (°C) =24 34 18.238 4596
y Speed (mmJs) 10 31 19.095 6.880 0.0244"
P 20 30 25.131 12.480 '
155 56 20.411 6.432 N
T t °C <0.0001
side emperature (°C) =24 60 12.802 3.318
10 60 13.664 4.307 R
Speed (mm/s) 20 =3 19488 5776 0.0090
The Means of Surface h vs. p & Speed
“ B Means of Sa
T standard Deviation
Sa (um)20
0 10mm/s T 20mm/s 10mm/s o 20mm/s

temperature (°C)/ speed (mm/s)

Figure 3-7. The means and standard deviations of S,
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The finding of surface roughness increases with the rising speed and declining temperature
can be explained as follows: the filaments printed at higher temperature has lower viscosity and
sinter better when printed under a higher temperature. (Satoshi et al. 2007) A lower printing speed
allows longer time for the printed tracks to coalesce into the printed body. Therefore, in the proper
printing temperature and speed range, higher temperature and lower printing speed could minimize

the surface roughness.

3.3.2. Dimension Accuracy Results

According to the results in the Table 3-5 and Table 3-6, only the printing speed effect
appears to be significantly different for the thickness accuracy at 95% significance level; other
comparisons of means are not significantly different with a p-value larger than 0.05. The only one
conclusion can be made from the dimension accuracy results, that is, a higher printing speed will
provide a higher dimension accuracy.

Table 3-5. Length accuracy ANOVA results

Factgr Number of samples Length (mm) — p-value
(x-axis) Mean | Standard Deviation
Temperature (°C) i?g 2 :883: gggj 0.056
I e B L
Table 3-6. Thickness accuracy ANOVA results
Factgr Number of samples Thickness (mm)_ - p-value
(x-axis) Mean | Standard Deviation
Temperature (°C) ﬁg 2 8822 8882 0.650
i R I
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The thickness accuracy is mainly affected by the layer thickness. At lower printing speed,
when the over-extrusion is prone to happened. The over-extrusion is caused by leaking of the
polymer when the polymer has a lower viscosity. At lower printing speed, the leaking happens
because of the inappropriate control of pressure drop in the liquefier when the polymer in low

viscosity (Yardimci et al., 1997).

3.3.3. Conductivity Results

The average resistance of one thousand data point in one measurement was calculated.
Then the average resistance values were converted into resistivity and conductivity, in Q-m and
S/m, respectively. The results are shown in Table 3-7. The conductivity is significantly higher at
a lower temperature. This trend follows the experimental results of others. (Multi 3D, LLC &
Flowers, 2017). However, the oneway ANOVA result shows the difference is not significant when

printing at different speed as indicated by a p-value of 0.1618.

Table 3-7. Oneway ANOVA of the Elecrifi Conductivity

Factor Number of samoles Conductivity(S/m) value
(x-axis) P Mean | Standard Deviation P
155 20 463.7 28.306 .
) <0.
Temperature (°C) 170 20 267 7 29 041 0.0001
10 20 331.3 36.108
Speed / 0.1618
peed (MM/S) =4 20 4033 35.194

The means and standard deviations of different samples are presented in Figure 3-8. The
plot shows the sample printed under 170°C at 10 mm/s is the most stable sample but possesses the

lowest conductivity of 186 S/m. However, for good conductor like copper, the conductivity is as

high as 5.96 x 107 S/m, which is five orders of magnitudes higher than Electrifi-printed samples.
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The conductivity difference of 276 S/m between the highest and lowest conductivity in this
experiment are neglectable when comparing to orders of magnitudes higher conductivity. Besides,
the sample printed under 170°C at 10 mm/s has the lowest surface roughness value, which helps

to explain the results of smaller electrical resistivity variance.

700 -
[ Means of conductivity

600

500
462 466
341
200 186
100
0

155°C 170°C 155°C 170°C
10mm/s 20mm/s
speed (mm/s) / temperature (°C)

Conductivity (S/m)
IS
S
3

w
=3
S)

Figure 3-8. The means and standard deviations of Electrifi conductivity
The conduction is based on the percolation theory. The composite that contains conductive
particles will have an abrupt property change as increasing the volume fraction of the conductive
particles (Kirkpatrick, 1973). The polymer will expend as the temperature increase, which will
increase the interparticle distance of the conductive filler. The conductivity may partially loss

when the content of conductive filler is small (Dahiya, 2007).

3.4. Conclusion

To answer the research questions, the surface roughness is significantly higher at a lower
temperature and a higher printing speed. The results of dimension accuracy are not significant to
make conclusions when printing samples at different temperature. The only significant result
indicates that the thickness is more accurate when printing under a higher temperature. Inversely,

the conductivity is significantly lower when printing sample under a higher printing temperature.
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However, the variation of conductivity also become larger while printing under a lower
temperature which is the result of a higher surface roughness. Therefore, the sample with the
lowest surface roughness and the most stable conductivity is selected in this research. The proper

print setting for Electrifi filament is decided as printing under 170°C at 10 mm/s.
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Chapter 4. Experiment 11

Investigation of the proper settings to 3D-print a flexible polyurethane filament

The flexible thermoplastic polyurethane uses as the substrate of a microstrip patch antenna
based on the purpose of making a flexible, conformal antenna. In this chapter, the first part of the
experiment is to investigate the best setting to 3D-print a TPU filament. The setting with the lowest
surface roughness and the highest dimension accuracy was chosen. The surface roughness of the
substrate is expected to be as low as possible since its roughness would affect the thin conductive
patch’s roughness as well, and finally undermine the antenna performance (Honari, Mirzavand,
Saghlatoon, & Mousavi, 2018). The second part of the experiment Il is to explore the dielectric
permittivity of the 3D-printed polyurethane substrate that printed with different solid-infill

percentage.
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4.1. Research Question
4.1.1. Research question 1

Does the printing condition affect the surface roughness of 3D-printed flexible
polyurethane?

Null hypothesis 1 (Ho,1): The means of surface roughness are equal under different printing
conditions.

Alternative hypothesis 1 (Ha1): The means of surface roughness are not equal under
different printing conditions.
4.1.2. Research question 2

Does the printing condition affect the dimension accuracy of 3D-printed flexible
polyurethane? The dimension accuracy was calculated by subtracting the designed value in the 3D
model by the measured value in the printed sample.

Null hypothesis 2 (Ho2): The dimension accuracy is equal under different printing
conditions.

Alternative hypothesis 2 (Ha2): The dimension accuracy is not equal under different
printing conditions.
4.1.3. Research question 3

Does the dielectric constant change with the solid-infill percentage of the 3D-printed
flexible polyurethane?

Null hypothesis 3 (Ho;3): The dielectric constants are equal when printing with different
solid-infill percentage.

Alternative hypothesis 3 (Ha3): The dielectric constants are not equal when printing with

different solid-infill percentage.
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4.2. Method

4.2.1. Material

The substrate material of the antenna is supposed to possess low dielectric permittivity.
The NinjaFlex TPU filament was selected with a shore hardness of 85A and a diameter of 3mm
for the experimental printing. The ideal substrate material for a flexible antenna possesses a low
modulus. The shore hardness is the main property that affects the flexibility of an object. In general,
two categories, shore A and shore D, are used. While the latter is frequently used to indicate the
hardness of relatively hard materials, the former is widely used to indicate the hardness of
relatively soft material (MakeShaper, 2018). Various FDM 3D printing filaments are claimed to
be semi-flexible by manufacturers with a shore hardness of 90 ~ 98 A. However, such a claim is
highly depended on the solid-infill percentage (lower than 30%). Two hemispheres were printed
by two different hardness filaments, 85A and 98A respectively, to feel the difference between
different hardness. In the longitude direction, the hemisphere printed with NinjaFlex 85A is

sgueezable while the sample printed with Semiflex 98A filament cannot be compressed at all.

4.2.2. 3D printing with NinjaFlex
NinjaFlex 85A filament is quite challenging to print due to its low shore hardness. Printing
NinjaFlex 85A requires a restricted path inside the extruder to guide the filament feeding from the
drive gears to the liquefier. Besides, the pressure between the drive gears should under proper
control. If the pressure is too high, the filament would be curved or trapped in the extruder.
However, slipping would occur between gears and filament when the pressure is too low.
Lulzbot Taz 6, a dual-head FDM printer, is chosen to print NinjaFlex 85A in this research.

Lulzbot Taz 6 uses directive drive extruder to print 3mm filament. The layer resolution is 0.05mm.
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There is a tube to guide the filament feeding directly to the entrance of the liquefier, as shown in
Figure 4-1. It has more stable printing performance than Leapfrog Creatr HS 3D printer. Leapfrog
Creatr HS, which features a Bowden extruder, was not quite suitable for soft filament printing
(Dana Johnson, 2019). Even though the filament feeding path was blocked by the modified parts
(modification is shown in 4-2), the filament still tried to come out from the tiny gap between the
modification parts and the drive gear. It was hard to make the feeding pressure to be manually
controllable. Another potential reason for failing to print the TPU with Leapfrog Creatr HS could
be the small diameter of the filament, which is 1.75mm for Leapfrog Creatr HS printer. Since
bending force is proportional to the material thickness (when the material is the same), a filament

with 3mm diameter needs larger force to deform.

Figure 4-1. Lulzbot Taz 6 extruder structure
Reprinted from “LulzBot TAZ Dual Extruder Tool Head v3 Installation Instructions for
TAZ 6 Workflow”, Copyright by Aleph Objects, Inc.

Modification part

Figure 4-2. Leapfrog Creatr HS® modification
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The print settings of NinjaFlex is controversial and varies with printing machines. Print the
NinjaFlex without retracting the filament is recommended. Since the NinjaFlex has a low passion
ratio value (0.34) (Hanifpour, 2018) which means the longitude deformation would be larger than
the horizontal. Thus, the filament tends to become stringing instead of being retracted when a
retraction force is presented. Consequently, it’s critical to test printing temperature and speed that
provides the highest print quality. The printable temperature range and speed range suggested by
company are 225 ~ 235 °C and 10 ~ 25 mm/s. Two critical temperature levels and speed levels
were selected as shown in Table 4-1. The print temperature and speed were adjusted in the slicing
software, Cura. Then the sliced model was sent to printer for printing. The samples are designed
as 20 mm in length and width and 10mm in thickness. Four NinjaFlex cubes were printed

successfully as shown in Figure 4-3.

Table 4-1. Independent Variables for NinjaFlex Printing

Temperature (°C) (ifrfwjg)
225 10
225 25
235 10
235 25

3 s

235 °C 235°C
25 mnv/s 10 mm/s

3 A

225°C 225°C
25 mnv/s 10 mm/s j

Figure 4-3. The printed TPU samples
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4.2.3. Surface Roughness Measurement

Keyence VK-1100 (details were introduced in Section 3.2.3) was chosen to measure
surface roughness, and average areal surface roughness (Sa) were calculated in VK Analyzer
software. Considering the flexible nature of TPU filament, the confocal laser scanning device was
chosen to test the surface roughness. Since the stylus may compress the surface of the flexible
material, which would bring uncontrollable error to the result. Half of the cube surface was chosen

to conduct scanning and stitching. The overall scanning area was 20 x 10 mm.

4.2.4. Dimension Accuracy Measurement

The apparatus to measure dimensional parameters (length and thickness) were the same as
the surface roughness measurement - Keyence VK-1100 (Details were provided in Section 3.2.3).
The top-view and left side-view stitching images were captured, and the length and height of

samples are measured for three times.

4.2.5. Dielectric permittivity measurement
The dielectric permittivity is a critical parameter in a design of patch antenna. It will decide
the length and width of the patch, and the ground plane of the patch antenna. Dielectric permittivity
is a complex number (¢*) which consists of two parts, the real part (¢') and imaginary part (¢").
The real part is the dielectric constant. The imaginary part is known as loss tangent.
e =& +je"
The cavity resonator method was chosen in this research since it has the highest accuracy

among the methods mentioned below. There are plenty of ways to characterize the dielectric
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properties of the dielectric material. At microwave frequency range, transmission line method
(Roy et al., 2017), cavity resonator method (Bharambe, 2017), cavity perturbation method (ASTM
2520), open-ended probe method (Roy et al., 2017) and split post dielectric resonator (SPDR)
method are frequently used (Venkatesh & Raghavan, 2005). The advantages and disadvantages of
the different method has been discussed in Section 2.2.5. SPDR fixture is also accurate for
dielectric permittivity measurement, but the electrical field distribution is different from the patch
antenna.

The cavity resonator used in this research was designed by Bharambe (2017). The larger
diameter of the cavity would resonate at a lower resonance frequency. The cavity dimension has
shown in Figure 2-17. The radius and height of the cavity are the same. The real part of the
permittivity (e;.) was calculated by the frequency shift between the air-filled cavity and the sample-
filled cavity. The loss tangent was obtained by the dielectric quality factor. For TMoi0 mode, the
relationship between dielectric permittivity and frequency was calculated by Equation 4-1 and 4-

2. The loss tangent was extracted from the total quality factor (Bharambe, 2017).

1 2.4049
fTM()lO: Zn\/ﬁx( a )

(Equation 4-1)

g = (Lair 2 (Equation 4-2)
fsample
tand = ! =4 1 (Equation 4-3)
Qdielectric Qtotal Qcavity

The printing temperature and speed were decided by the surface roughness and dimension
accuracy results. Three test blocks with different solid-infill percentage (40%, 70% and 100%)
were printed at the same temperature and speed. The cross-sectional view of the 3D-printed

cylinder is shown in Figure 4-4. There were three layers of 100% solid-circle being printed at the
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bottom and top respectively. The 70% solid-infill were printed between top and bottom layers, and

three circular outlines are printed before the infill are printed.

Sa N layers of infill
2 : (70% TPU + 30% Void)
i }- 3 layers of bottom (100% TPU)

Figure 4-4. The cross-sectional view of 3D-printed Cavity test block

Then the dielectric permittivity of 3D-printed polyurethane with different infill percentage
were measured. The measurement conducted on a Vector Network Analyzer (VNA). The empty
cavity resonator was measured and the reflection coefficient (Si1) result was exported first.
Afterward, a 3D-printed test block was put into the cavity to measure Si1. The dielectric

permittivity was calculated through the equation 4-1 to 4-3.

4.2.6. Statistical Analysis

The oneway ANOVA analysis was performed following the steps in Section 3.2.6.

4.3. Results
4.3.1. Surface Roughness
An example of stitching image of the polyurethane cube printed under 225°C and 25mm/s

is presented in Figure 4-5. Through the statistic results are presented in Table 4-2. it can be

confidently concluded the trend that surface would become rougher at a higher printing
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temperature and lower speed. The S, results of four printed samples are given in Figure 4-6. The
cube printed under the highest temperature (235 °C) and the lowest speed (10 mm/s) appears to
have the largest mean and variation of S,. Conversely, the sample printed at the lowest temperature

and the highest speed has the smoothest surface.

Table 4-2. Surface roughness (Sa) of NinjaFlex

Location ()Ff:;?sr) Number of samples NMean S;;Ejirrz) Deviation p-value
225 32 21.11 6.46 -
Boundary Temperature (°C) 35 v 3173 3377 0.027
ST 2
Inside Temperature (°C) 32: gg 31(3)32 43%.157 <0.0001"
sty |0 AT g

(b)

Figure 4-5. (a) Stitching laser Image, (b)boundary image, (c) Inside image of Ninjaflex

sample printed under 225°C at 25 mm/s.



66

Mean(Sa (um)) vs. temperature & speed
Bl Mean of Sa

120

100

80

Sa (um)
3
@
S
53

40

ZiS
20 196
0 ﬁ

10mm/s 25mm/s 10mm/s 25mm/s

225°C 235°C
temperature / speed

Figure 4-6. The means and standard deviations of four samples’ Surface Roughness

The trend of higher printing temperature and lower speed has a negative effect on surface
roughness could be caused by several reasons. The first potential cause is the cumulated residual
on the nozzle. Compare to tough filaments like PLA whose cooling fan speed was set at 100%
during the printing process; the cooling fan speed of the flexible polyurethane filament was set at
50% to maintain a good adhesion between lines and layers. At higher temperature, the filament
possesses lower viscosity, but the liquid-like filament that extruded on the printed object surface
may not cool down sufficiently when the next line or layer is printed. The material that not entirely
cool down is sticky and has a large potential to stick on the moving nozzle. Then the moving nozzle
has cumulated residual as the printed layers increasing and destruct the next printed layer.
Consequently, the final surface roughness would be increased by the nozzle with residuals.
Secondly, Over-extrusion happens when the material has low viscosity. As a result, the surface
would become uneven. Such a phenomenon would become even worse at lower speed since the
polymer would keep leaking instead of retracting. The over-extrusion also results in some

unexpected printing path at the layer change while the nozzle traveling.
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4.3.2. Dimension Accuracy

The oneway ANOVA results of length and thickness are shown in Table 4-3 and 4-4
respectively. The means and deviations of four 3D-printed cubes are shown in Figure 4-7, in which
blue bar represents the length deviation, and red bar stands for the thickness deviation. In the Table
4-3, the mean of dimension deviation is lower when printed under 235°C. The difference of the
means of length deviation between samples printed under different temperature is significant. The
means of thickness deviation are significant different under different printing speed, as shown in
Table 4-4. From these results, conclusion is that the higher temperature is beneficial to the
dimension accuracy; the higher speed will provide better dimension accuracy. The temperature
conclusion is conflicted with the surface roughness results which shows higher temperature would
provide larger surface roughness. The result shows that, at a lower temperature (225 °C), samples
are shorter than expected. Such difference may be caused by less viscosity of the extruded TPU
which is more likely to become strings. Hence, the overall dimension has little shrinkage. However,
0.039 mm difference is relatively small in comparison of 20 mm. Plus, the significance level of
the different printing temperature and speed is at 95% which is lower than the 99% confidence

level of the surface roughness. It better to decide the print setting through surface roughness result.

Table 4-3. Length Dimension Accuracy ANOVA Results

Factor Number of samples Length (cm) -value
(x-axis) P Mean | Standard Deviation P
225 6 -0.039 0.008 .
T t ° 0.012
emperature (°C) 1= 6 20.005 0.008
10 6 -0.034 0.005
Speed (mm/) | —¢ 6 20.009 0.033 0.093




Table 4-4. Thickness Dimension Accuracy ANOVA Results

Factor Number of samples Thickness (cm) -value
(x-axis) P Mean | Standard Deviation P
. 225 6 0.002 0.003
Temperature (°C) 235 5 20,004 0012 0.247
10 6 -0.006 0.009 .
.002
Speed (mmfs) ¢ 6 20.004 0.001 0.00

Mean(Length Deviation (cm)) & Mean(Thickness Deviation (cm)) vs.
Temperature & Speed
Bl Mean(Length Deviation (cm))

0.03

I Mean(Thickness Deviation (cm))

0.02

0.01

0.00

-0.01

-0.02

-0.03

Length Deviation (cm) & Thickness Deviation (cm)

-0.04 -0.039

-0.05

Figure 4-7. Means and standard deviations of four samples’ dimension deviation

4.3.3. Dielectric Permittivity

10mm/s

225°C

25mm/s 10mm/s

Temperature / Speed

25mm/s

235°C
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The tested results are presented in Table 4-5. The relative permittivity is escalating with

the increasing solid-infill percentage. During the 3D printing process, the settings require three

bottom layers, three top layers as well as three layers of wall to be 100% solid to form an enclosure

of the entire printed body. By incorporating these the 100% layers, the volumetric portion of solid

would vary based on the overall thickness of the sample. The solid and void volumetric
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composition of cavity test block are shown in Figure 4-8. The volumetric portion of solid is 43.60%
and 71.28% for 40% and 70% solid-infill cylinder block. According to the dielectric mixture
theory, the simplest way to model the dielectric mixture is a proportional linear equation of two
mixtures (Tuncer, 2002).

&' = & qir X (1 —solid.infill%) + & sampie’ X solid.infill% (Equation 4-4)
If the void portion is considered as the air, which features a dielectric constant value of 1, the
corresponding dielectric constant would be lower. The linear fit line was established through the
practical solid-infill percentage and the measured dielectric constant. The R? = 0.9285 for this
model which means 92.85% of data are valid for this model. The practical linear fit equation is:

&' =0.933+1.365 X infill % (Equation 4-5)

The linear fit line is plotted in the Figure 4-9. In this dielectric mixture theory model, the theoretical
&' value can be calculated according to the equation 4-4 and obtained the theoretical linear model
of equation 4-6 (R = 0.9999).

&' =0.999 + 1.360 x infill % (Equation 4-6)

Table 4-5. Dielectric permittivity of different solid-infill sample

Theoretical Practical Air-filled cavity Sample-filled .

e g . Relative Loss tangent
solid-infill solid-infill resonant cavity resonant ermittivity (z,") (&)
percentage percentage frequency (GHz) | frequency (GHz) P y & T

40.00% 43.60% 2.34 1.59 0.049
70.00% 71.80% 2.95 2.20 1.79 0.052
100.00% 100.00% 1.92 2.36 0.049

Cylinder Model

940 0{
70% Solid-infill

70% NinjaFlex

30% Void

6% NinjaFlex

7 1.8% NinjaFlex
+ 28.2% Void

Figure 4-8. The composition of the printed cylinder test block with 70% solid infill
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2.5

2

y=1.3652x+0.9331
15 R*=0.9285

Relative permittivity
1

Dielectric Constant

mixture theory

0.5
Linear (Relative

0 permittivity)

40.00% 50.00% 60.00% 70.00% 80.00% 90.00% 100.00%

Solid Volume Percentage

Figure 4-9. Linear fit model of relative permittivity vs infill percentage

4.4. Conclusion

The conclusions that get from the surface roughness results suggest the lower temperature
and higher speed is beneficial to acquiring lower surface roughness. However, the dimension
accuracy results show that higher temperature would increase the shrinkage of the dimension.
Since the dimension accuracy results’ significance level of the t-test are not as high as the surface
roughness (significance level is 95% and 99% for dimension accuracy and surface roughness
results), the surface roughness results are selected as the recommendation for print settings.
Therefore, we conclude that the proper print setting for TPU filament on the Lulzbot Taz 6 printer
is under 225 °C at 25mm/s.

According to the cavity resonator measurement results, the dielectric permittivity is
increasing with increased solid-infill percentage. The overall trend is approximate to the dielectric
mixture theory. The dielectric constant for 43.60%, 71.28% and 100% solid-infill TPU cylinder is
1.59, 1.79, and 2.36, respectively. The loss tangent is 0.049 for 43.60% and 100% solid-infill TPU

cylinder; 0.065 for 71.28% 3D-printed cylinder.
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Chapter 5. Experiment 111

Fabrication of conformal hemisphere antennas for hyperthermia treatment

The proposed antenna consists of conductive ground plane and patch; dielectric substrate
and padding. In this chapter, the experiment is divided into two stages. The first stage is to conduct
a theoretical modeling in the antenna simulation software. The antenna simulation optimizes the
impedance matching and minimizing the return loss of antennas at the target frequency. The
antenna modeling used the conductivity and dielectric permittivity values measured in experiment
I and Il. The second stage is the fabrication and measurement of the antenna with the conductive
and flexible polymers that studied in experiment I and 11. Flexible substrates are printed with three
different solid-infill levels. However, the 3D-printed components didn’t perform as expected.
Therefore, the antennas are redesigned and refabricated with the substitute copper foil tape until
find the satisfactory results. Finally, the reflection coefficient (S11) and the increased temperature

of the fabricated antenna are measured with a biological-equivalent breast phantom.
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5.1. Research Question
5.1.1. Research question 1

How does the dielectric permittivity of antenna substrate affect the antenna resonance?
5.1.2. Research question 2

How much temperature can be raised by the fabricated antennas for the breast hyperthermia

treatment?

5.2. Method
5.2.1. Phantom Fabrication

The biological-equivalent breast phantom is a physical model that simulates the
electromagnetic properties of female breast tissue (Ito et al., 2001). The female breast consists of
three layers of tissue: skin, fat, and fibro-gland, as shown in Figure 5-1(Suresh et al., 2018) In the
heterogeneous breast, the tissues are in different levels of water content. The malignant tumor and
the breast glandular are tissues in high-water content (Ross & Gordon, 1982) while the fat and skin
are in low-water content and intermediate-water content respectively (Lazebnik, Madsen, Frank,
& Hagness, 2005). The electromagnetic properties of an actual breast tissue are shown in Table 5-
1 (Hall, 2012). The relative permittivity of fat is much lower than the skin and fibro-gland, which
is 5.27, 37.95 and 41.14 respectively. However, the normal breast tissue possesses a dielectric

constant 10~20% lower than the cancerous breast (Ortega-Palacios at al., 2010).

Table 5-1. The electromagnetic properties of breast tissue at 2.45 GHz

Tissue name Relative permittivity Conductivity (S/m)
Skin 37.95 1.48
Fat 5.27 0.11
Fibro-gland 41.14 1085




Skin —,

Fat

o

Fibroglandular

AN

Figure 5-1. The structure of female tissue
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A high-water content tissue-equivalent breast phantom was made, and its electromagnetic

and thermal properties are shown in Table 5-2. The dielectric constant of the fabricated breast

phantom is 48.5. The homogeneous phantom was made by the ingredients listed in Table 5-3. The

33.75¢g polyethylene attributes to adjusting the relative permittivity while the conductivity was

tuned by the 0.2g sodium chloride. The TX-151 increases the viscosity of the solution and agar

prevents the water separation from the solidified phantom. (Ito et al., 2001) The fabrication of the

breast phantom was to boil the mixture of deionized water, agar and sodium chloride on the heating

device, afterwards, the TX-151 and polyethylene powder mixture were spreaded uniformly. The

mixture was poured into a 3D-printed hemisphere frame whose diameter is 47 mm and was

wrapped with a plastic film. The phantom was solidified in room temperature after 24 hours.

Table 5-2. The properties of the breast phantom

Dielectric Loss Conductivity Thermal Specific Density
Constant tangent (S/m) conductivity heat (Kg/md)
(W/m-K) (J/g'K)
48.5 0.48 3.14 0.55 3.63 930
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Table 5-3. Ingredients for fabricating carcinomatous breast phantom

Deionized Sodium Sodium
Name Water Agar Chloride Azide TX-151 | Polyethylene
Weight (Q) 337.5 10.46 3.76 0.2 8.44 33.75

5.2.2. Challenges of 3D-printed antenna

The initial experiment plan was to 3D-print curved conductive components that conforms
to a hemisphere. The conductive components were planned to be printed under 170 °C at 10 mm/s
speed as studied in the Chapter 4. However, the patch and ground plane are too thin to be printed
in a curved configuration with a thickness of 0.6 mm. Hence, the alternative method was to print
the conductive components flatly; and heat them to conform to the hemisphere substrate under 70 °C
for 40 min. It was a 2-step process to treat the patch for 20 minutes on the substrate and the ground
plane for another 20 minutes, respectively. However, it was observed that the conductivity was
lost partially within the patch and ground plane after heating. The partially non-conductive ground
plane and patch caused the fabricated antenna has no resonance at all. The loss of conductivity
could be explained by the redistribution of the copper particles inside the composite. Electrifi, as
a composite material that consists of polyester and copper, its mechanism of conduction is
introduced in section 2.1.3.2 (Pierre et al., 1990). Upon heating, the copper particles tend to re-
distribute which may partially increase the distance between conductive fillers. When the distance
is too large for copper particles to form conduction path, the patch or ground plane will become
partially non-conductive. Finally, the designed antenna dimension became invalid.

Due to this challenge, a copper foil (3M, 2019) was chosen as a substitute material for
Electrifi-printed patch and ground plane to achieve the desired antenna performance. The 3M™
conductive copper foil includes three layers: a layer of copper foil, a layer of conductive acrylic

adhesive and a release liner. This copper foil is bearable for soldering. The patch and ground plane
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thickness are changed corresponding to the copper foil thickness (0.088 mm). The conductive
particles form the conductive path between the substrate and copper foil through the conductive
adhesive layer. The electrical resistance through the adhesive layer is 0.010 © when measured at
5 psi (3.4 N/cm?) measured over 1 in? surface area (3M, 1998). Then, new antennas were designed,
simulated, fabricated and measured.

It was unexpected that TPU substrate with 40% solid-infill and 3mm thickness cannot be
printed successfully. This was caused by the enhanced flexibility of the object printed at a low
solid-infill levels with a small thickness. The printed body becomes unstable during the printing
process due to the high flexibility; the extruder contacted with the printed body at unexpected
contact point. Consequently, a layer separation and collapsing occurred on the printed bodies.
Therefore, the final antenna simulation and fabrication only included the antennas whose substrate

was printed with 70% and 100% solid-infill.

5.2.3. Theoretical Modeling

The antenna model was simulated in the ANSYS HFSS® software. The antenna design in
HFSS® is shown in Figure 5-2, which includes conductive patch and ground plane, dielectric
substrate. The dielectric substrate and padding are contained in the theoretical modeling to
simulate the practical measurement set up. The position of the feed point was optimized during
simulation. The feed point located at the position by rotating 17 ~ from the top point of the
hemisphere along the patch length direction. The feed point located on the center line of the patch
width. The thickness of the printed hemisphere was set to be 3mm which was capable of maintain
the flexibility and the performance of antennas simultaneously. The inner diameter of the substrate

was decided to be 100 mm which is equivalent to an intermediate breast size (Curto et al., 2018).
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A 3 mm padding has been designed as the insulation layer between patch and phantom with an

outer diameter of 47 mm.

Patch
Coaxial Feed ‘ / Ground plane

Substrate

| | “l\l \ )
& e S )

R // ey ,“/ [/ .
S / 7 ——_Padding
A % e

Phantom

0 50 100 (mm)

Figure 5-2. The antenna design in HFSS simulation software

The calculation of the antenna dimension followed the equations developed for the patch
antenna (equation 2-14 to 2-16). All the antenna design targeted at a frequency of 2.45 GHz. By
changing the dielectric permittivity of the substrate, the length and width of the patch is changing.
An inappropriate ground plane size would cause a frequency shift and higher return loss. Typically,
the frequency does not change significantly as long as the ground plane length and width are larger
than 0.51 (A is the dielectric wavelength) (Nguyen et al., 2010). However, further increment of the
ground plane would benefit the gain of the antenna and minimize the frequency shift caused by
the ground plane difference. (Nguyen et al., 2010) In this experiment, the ground plane size was

designed larger than 0.94 to minimize the effect of the ground plane size accuracy.

gopy = Lo+ To[1412] 712 (Equation 2-14)
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AL = 0.412}1(geff+o.3)(%+o.264)

Equation 2-1
(eff—0.258)(5+0.8) (Equatio %)

N fi_& f 2 i .
W = TR PRy e (Equation 2-16)

Where ¢, is the effective dielectric constant, ¢, is the relative dielectric constant, h is the

thickness of the substrate, W is the width of the patch, £, is the resonant frequency, p, is the free
space permeability, and the ¢, is the free space permittivity. According to the equation 2-14 to 2-
16, the length of the patch was adjusted until the resonance frequency occurs at 2.45 GHz.
According to the equations 2-17 to 2-19, changing the width of the patch could optimize the
impedance matching of the antenna. The simulation results included the reflection coefficient (S11)
plot and the local specific absorption ratio (SAR) plot. The local SAR calculation follows equation

5-1 (Alon, Sodickson, & Deniz, 2016):

2
SAR = % (Equation 5-1)

Where o is the conductivity of medium (S/m), E is the amplitude of Electric field (\V/m), p is the
medium density (kg/m®) (ANSYS Inc., 2019). The relationship between temperature and SAR can

be calculated by the equation 5-2 (Alon, Sodickson, & Deniz, 2016):

pcSt= V(kVT) + SAR - p (Equation 5-2)

t

Where p is the medium density (kg/mq), ¢ is the heat capacity (J/kg-°C), k is the thermal
conductivity (W/m-K), T is the temperature (°C), t is the heating time (s). When the heating time
is short, the thermal diffusion is small enough to be neglected. The calculation can be simplified

as equation 5-3 (Alon, Sodickson, & Deniz, 2016):

SAR = Ci_: (Equation 5-3)
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The simulated SAR results are transferred into temperature to compare with the measured

temperature resu Its.

5.2.3. Fabrication of Antennas

The fabricated conformal antenna consisted of a 3D-printed hemisphere polyurethane
substrate, a patch, a ground plane. The antenna substrate was printed with the polyurethane
polymer (NinjaFlex) on a Lulzbot Taz 6® FDM printer. The NinjaFlex filament was printed at
225°C, 25mml/s as studied in the experiment Il. The 3D model for printing polyurethane was
exported directly from the simulation software to the printer. To make the top of the hemisphere,
where the patch and ground plane mounted, to be printed as smooth as possible and without support
structure, the best printing configuration is shown in Figure 5-3. And the cross-sectional view of
70 % solid-infill antenna structure is shown in Figure 5-4. The printed hemisphere substrate
included three layers of boundary that encompass the infill structure. There is a small hole with a
diameter of 1.4mm printed on the hemisphere as a feed point. The copper foil tape (3M, 2019) was
cut by a Vinyl cutter, Circuit Explore Air 2®, following the designed values attained in the
theoretical modeling section. A hole with a diameter of 4.1mm was created on the ground plane
follows the diameter of the dielectric component on the SMA connector. After adhering the patch
and ground plane in the designed position, the SMA connector was soldered on the ground plane

and penetrated to the patch. The fabricated antenna is shown in Figure 5-5.

Figure 5-3. The printing configuration of Hemisphere substrate
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—  Coaxial feed point

Ground Plane
N layers of infill

(70 % NinjaFlex + 30% Void)

3 Layers of 100%
NinjaFlex

Patch

Figure 5-4. The cross-sectional view of 3D-printed hemisphere antenna

Figure 5-5. The photo of the fabricated antenna

5.2.4. Measurement of Antennas
5.2.4.1. Reflection Coefficient Measurement

The reflection coefficient (S11) at the frequency range of 1~3.5 GHz was measured by the
vector network analyzer (VNA). The VNA, E5071C made by the Agilent technologies, is capable
of measuring frequency range between 300 kHz to 20 GHz. The fabricated breast phantom and a

3mm padding layer was inserted inside the antenna when conducting the measurement. If the
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frequency was accordant between simulation and measurement results and the S1; was lower than

-20 dB, then, the temperature increment of the antenna was measured.

5.2.4.2. Temperature Measurement

The temperature measurement set up includes a computer software (SynthNV2_5c¢®) to
operate a signal generator (SynthNV), an amplifier and a fabricated antenna. All the constituents
were arranged as Figure 5-6. The input power was set as 10 dBm at 2.45GHz. The 10 dBm power
would be magnified by the amplifier resulting a 30 dBm (1 W) power input to the antenna. A Fluke
52 11 Dual Probe Digital Thermometer was used to measure the temperature increment inside the
breast phantom in a twenty-minute time period. The penetration depth is defined as the distance
from the top of the breast phantom to any point on the center vertical axis inside the phantom. The
thermocouple was inserted into the breast phantom straightly from the center of bottom flat plane.
The inserted length of thermocouple was 40mm to measure the temperature increment at a 5mm

and 7mm penetration depth.

QQK

Contoller Signal Generator Smplifier
gn (20 dBm)

(10 dBm, 2.45 GHz)

Antenna
(Input: 30 dBm)

Figure 5-6. The temperature measurement set up.
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5.3. Results and Discussion
5.3.1. Reflection Coefficient Results

The calculated and optimized dimension of the initial antennas are listed in the Table 5-4.
The dielectric permittivity of two antennas was attained by calculating the solid volume percentage
of the printed hemisphere substrate and then capturing the corresponding dielectric constant in the
dielectric constant-infill fit line that obtained in the Chapter 4. The fit line follows equation 4-4:

&' =1.015+1.283 X infill % (Equation 4-4)

Where &,’ represents the dielectric constant while the infill percentage stands for solid volume
percentage of the 3D-printed object. The designed 70% solid-infill substrate resulted an 82.42%
solid volume after printing due to the presence of the boundary layers, hence, the corresponding
dielectric constant is 2.07. The 100% solid-infill antenna has smaller patch length compared to the

70% solid-infill antennas while the patch length, ground plane length and width remains the same.

Table 5-4. Design variables of the initial antennas

_ Dielectric Patch Pa_tch Ground Ground
Infill % permittivity Length | Width plane plane
(mm) (mm) | Length(mm) | Width(mm)
70 2.07 39.84 19.39 76.36 76.36
100 2.30 37.81 19.39 76.36 76.36

The simulated and measured S11 results are shown in the Figure 5-7. The fabricated 100%-
solid infill antenna resonated at 2.45 GHz which in agreement with the simulation result. However,
there is a 0.15 GHz frequency shift in the measurement result of 70%-infill antenna which may be
caused by the small difference in the dielectric permittivity. Overall, the reflection coefficient is
larger in the fabricated antenna. The simulated reflection coefficient is -44.24 dB and -48.10 dB

for 70% and 100% solid-infill antenna, respectively. The measured reflection coefficient is -26.53
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dB and -20.25 dB for 70% and 100% solid-infill antenna. The loss of antenna can be induced by

the conductor, dielectric substrate and radiation loss (Pozar, 1998). The surface roughness of the
copper foil was increased when the flat thin film was forced to conform to the hemisphere

curvature. Consequently, the conductor loss was raised.

Measured.70%
Measured.100%
— — — Simulation.70%

— — — Simulation.100%

10

A5

-20

25

Magnitude (dB)

-30

-35

-40 |

45

50 . . L

Frequency (GHz)

Figure 5-7. The simulation and measurement of results of designed antennas

5.3.2. Temperature Measurement Results

The SAR (specific absorption ratio) plots got from the HFSS simulation software was
shown in Figure 5-8. The 100% solid-infill antenna shows slightly higher SAR value than the 70%
solid-infill antenna. The highest SAR is 224.44 W/kg for 70% solid-infill antenna while it is 225.96
for 100% solid-infill antenna. The relationship between penetration depth and solid infill of two
antennas are shown in Figure 5-9. The SAR is smaller at deeper penetration depth for both antennas.
The obtained SAR is 34.12 W/kg and 34.74 W/kg at 7mm penetration depth while it is 59.46 W/kg

and 61.06 W/kg at 5mm penetration depth for 70% and 100% solid-infill antenna, respectively;
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the corresponding increase of temperature is 0.10 °C and 0.11 °C in 11 seconds at 7mm depth,

separately, as shown in Table 5-5.

Table 5-5. Temperature change comparison between simulation and measurement
(In 11 second heating period)

Ratio of
Infill Penetration | SAR value Theoretical practical practical to
percentage depth in simulation | temperature temperature theoretical
(%) (mm) (W/kg) increment (°C) | increment (°C) temperature
increment (Rpr)
20 5 59.46 0.18 0.30 1.67
7 34.12 0.10 0.10 0.97
100 5 61.06 0.19 0.40 2.16
7 34.74 0.11 0.10 0.95

(©)

—

(b)

(d)

mmmmm

Figure 5-8. SAR plots in the HFSS simulation results.
(@) Y-Z cut of 70% solid-infill antenna; (b) X-Z cut of 70% solid-infill antenna; (c) Y-Z cut of
100% solid-infill antenna; (d) X-Z cut of 100% solid-infill antenna
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Figure 5-9. Relationship of SAR and penetration depth

The measured temperature increment at 5mm and 7 mm penetration depth of two antennas
in a 20 min heating period are shown in Figure 5-10. The growth rates are similar in two antennas.
The total amount of raised temperature is 3.2 °C and 3.3 °C at 7mm penetration depth and 5.5 °C
and 5.6 °C at 5mm penetration depth in a 20 minutes heating period. At 7mm penetration depth,
the increased temperature in 11 seconds are 0.1°C for both antennas; the Ry value is 97% and 95%
for 70% and 100% solid-infill antennas which means the measured results are approximate to the
simulation results. However, at 5mm penetration depth, the Ry value is larger than 1 from 0 to
165 second. At 166 second, the Rpx turns to be 99% and 97% for 70% and 100% solid-infill
antenna. In general, the Rp: value is continuously decreasing over the heating period until a
percolation reached (at the end of 20 minutes, the Rpx values are stabled at 27-28% for two
antennas at two different penetration depth). This trend is caused by the thermal diffusion which

presented in the practical measurement but not included in the theoretical calculation.
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The potential reason that Rpx value exceed than 1 at 5Smm penetration depth can be the

accumulated effect of the limited measurement accuracy and the increasing decline rate at lower

penetration depth. At the lower penetration depth, the tiny length deviation of the temperature

sensor in the measurement would cause a significant change in the measured temperature.

o

Increase of Temperature (degree C)
w

Figure 5-10. Increase of temperature in 20 min at 5mm and 7mm penetration depth

5.2.3. Conclusion
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In conclusion, the Electrifi filament is not the best choice for the curved antenna design.

The printed Electrifi cannot maintain good layer adhesion due to its paste-like nature after being

extruded from the nozzle. The performance would be more stable if the Electrifi is printed in a flat

configuration. The 40% solid-infill TPU cannot be printed successfully due to the small thickness

and hollow structure of the designed hemisphere. The printed body had unexpected layer

separation and collapse which would damage the overall printing performance, in terms of surface

roughness and dimension accuracy.

The fabricated 100% solid-infill antenna resonated at the same frequency (2.45 GHz) to

the simulation result. However, the measured frequency was 2.3 GHz while the target frequency
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was 2.45 GHz in the simulation. The measured reflection coefficient was around 20 dB-higher
than the simulation results for both antennas. The measured amount of the increased temperature
was 3.2 °C and 3.3 °C at 7mm penetration depth and 5.5 °C and 5.6 °C at 5mm penetration depth

in a 20 minutes heating period.
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Chapter 6. Conclusion and future works

This research investigated the proper 3D-print setting for the conductive and flexible
polymer and designed wearable antennas for hyperthermia treatment use 3D printing technology.
The first and second experiment investigated the proper setting for flexible polyurethane and
conductive polyester/copper filament. For the conductive polyester/copper filament, the surface
roughness significantly lowered when printed under higher temperature and lower speed. Inversely,
the surface roughness would be become smaller under lower printing temperature and a higher
printing speed for the flexible polyurethane filament. Since the dimension accuracy results’
significance level of the t-test are not as high as the surface roughness (significance level is 95%
and 99% for dimension accuracy and surface roughness results), the surface roughness results are
selected as the recommendation for print settings. The print setting in this research is decided as
225 °C, 25mm/s to print the flexible polyurethane filament; and 170°C, 10mm/s to print conductive
polyester/copper filament. However, the conductive polymer cannot be successfully printed in a
curved shape and the conductivity would lose upon heating. Therefore, the experiment plan of
printing the conductive patch and ground plane for a hemisphere microstrip antenna is substitute
by using the conductive copper foil. Besides, the flexible polyurethane with 40% solid-infill was
not successfully printed in a hemisphere shape with a thickness of 3 mm as expected. The
collapsing structure and layer separation occurred due to the waggle of printed bodies.

In the experiment II, the permittivity of the printed flexible polyurethane was characterized
at the different solid-infill levels. The practical linear fit model of the cavity measurement results
(R? = 0.9285) is approximate to the theoretical linear model of dielectric mixture theory. The
measured dielectric constant is 1.59, 1.79 and 2.36 for the 43.60%, 71.28% and 100% solid-infill

cylinder test blocks.
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The final antennas presented the maximum increased temperature of 3.4 °C and 5.6 °C at
5mm and 7mm penetration depth during the 20 minutes heating period. Comparing to the
simulation results, the measured temperature increment is approximate to the theoretical
temperature (calculated from the SAR results in the simulation software) at 7mm during the 11
seconds heating period with Ryp values of 97% and 95% respectively for 70% and 100% solid-
infill antennas. Whereas, at 5mm penetration depth, the practical temperature increment exceeds
the theoretical temperature during the 0 to166 seconds heating period. This outcome can be caused
by the limited measurement accuracy. At the lower penetration depth range, the decline rate of the
SAR value is larger which affects a lot if the measurement position is not accurate.

This research has several aspects to improve in the future. One of the future steps is to print
conductive filament in the curved configuration while maintaining the desirable thickness and
conductivity. Also, it is worth to optimize the 3D-print settings to print flexible material at the low
infill level perfectly. Since the lower infill helps maintaining the maximum flexibility. The
characterization of the dielectric permittivity of the 3D-printed material does not exist a standard.

The accuracy of different test methods is controversial for such an anisotropic structure.
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