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ABSTRACT

Electromagnetic multifunctional composites merge the excellent structural
performance of structural composites with additional functionality such as sensing,
communication, or electromagnetic interference protection. The multifunctionality
aspect of these devices increases the functional capability of structures and can reduce
weight, size, and cost. Often left addressed in the development of these structures, is the
scalability and practicality of fabricating devices over large surface areas. In this
dissertation, scalable methods of fabricating embedded electromagnetic devices are
explored using highly scalable additive manufacturing technigues. Both screen printing
and microdispensing of silver conductive inks are used to demonstrate common devices
found in electromagnetic systems.

Specifically, transmission line feeds, frequency selective surfaces, high
impedance surfaces, and antennas are demonstrated and fabricated within woven fabric
structural composites. Through these devices, the electromechanical tradeoffs of
embedded printed conductors were explored. It was found that silver conductive inks
that were screen printed onto glass woven fabrics experienced a reduction of
conductivity and an increase in electrical path length. Additionally, the mechanical
shear strength and delamination resistance of a composite decreased compared to a
baseline when printed with a continuous plane of conductive ink. At higher frequencies,
screen printed, embedded frequency selective surfaces compared well against devices
fabricated with copper clad polyimide. The high scalability of screen printing pairs well
with the patterning of frequency selective surfaces over large structures.
Microdispensing of silver conductive inks was also explored as a higher quality method

of depositing silver inks onto woven fabrics. The high turnover of additive

XV



manufacturing allowed for rapid processing of multiple antenna design iterations in a
short time period. In addition, microdispensing allows for the deposition of higher
conductivity, lower viscosity inks that were difficult to deposit onto woven fabrics via
screen printing. The resulting antenna showed high conductivity, within an order of
magnitude of copper, and excellent radiation performance. A final device was
demonstrated using multimaterial additive manufacturing that combined an embedded
antenna and high impedance surface fabricated within a single machine. A method for
predicting the dielectric properties of geometrically controlled polycarbonate substrates
was determined. This method was used to fabricate multiple substrates with varying
dielectric properties using a single material. Additionally, the co-deposition of silver
conductive ink and polycarbonate was used to additively manufacture both the
embedded antenna and high impedance ground plane. The measured antenna showed
improved performance when radiating above the high impedance surface relative to a

continuous conducting surface at the same distance.
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Chapter 1

INTRODUCTION

1.1 Composites in the Industry

Structural composite materials are replacing metal alloys as the principal
structural reinforcement in many aircraft and naval vessels. Composites hold
considerable advantages over metals including: higher tailorable strength, lighter
weight, improved fatigue life, corrosion resistance, and reduction of assembly costs due
to fewer fasteners. [1]. When considering composite materials in aircraft, the reduction
in weight can translate to increased efficiency, increased payloads, and longer mission
ranges. A large amount of electronics are necessary to maintain communications, gather
data, and operate efficiently. A typical Boeing aircraft, pictured in Figure 1.1, can
support a variety of different antennas all operating at separate frequency bands for
purposes ranging from navigation (i.e. GPS) to ground and satellite communications.

When considering the design of such structures, common practice begins with
the design of the load bearing structure first and foremost. Antenna systems and other
electronics are designed secondary above or on the load bearing structure.
Consequently, the secondary design of electronic structures results in a non-optimal
structure and generally an associated weight penalty. In modern composites, the DDG-
1000 Zumalt, pictured in Figure 1.2, fully composite deckhouse requires various
apertures included in the structure to allow antenna communication and consequentially
weakening the deckhouse structure. In addition, necessary external structures such as

RADARs are structurally weak and need to be enclosed by radomes to protect from



environmental exposure and loads. These radomes tend to be large in size and can

increase radar cross sections (RCS) of structures.

Antenna Locations R
767-200ER/-300ER

HF
SATCOM (2D \
ATC (L)\ / ; :;i (:')R) / :gi :;’) / VHF (C)
TCAS / / i
Weather radar — > i / = s =
Localizer (L.C.R) J 0000000000000 0 0 nocopocooc ocoow_—:(.c*ﬁnoo . C:::.-:_’_‘j’

Glideslope (L, C. R) — jﬁ? C’J s 5' "___/--/

TCAS z ::;; beacon

ATC (L)
ATC (R) — Radio altimeter receiver (L, C, R)
Radio altimeter transmitter (L, C, R)
- DME (L)

Figure 1.1. Antenna diagram of the Boeing 767

Structural sacrifices, i.e. increased RCS and reduced integrity, can be avoided or
mitigated by considering and designing electronics as a part of the load bearing
structure. The field of integrating non-structural elements as a part of the load bearing
composite member is known as multifunctional composites. Structural functions
encompass mechanical properties such as strength, stiffness, fracture toughness, and
dampening [2]. Examples of common non-structural functions include electromagnetic
interference shielding (EMI), sensing, actuation, self-healing capabilities, and
communications. Structural electronics or smart structures incorporate the non-
structural functions into the load bearing structure ultimately forming a multifunctional

composite. By incorporating electronic systems such as communications antennas or



electromagnetic interference (EMI) protection as part of the support, mechanical
stresses and physical size can be reduced. In addition, incorporated electronic functions
can be designed to be fully conformal thereby minimizing profile effects such as

aerodynamic drag.

Figure 1.2 Composite deckhouse of the Zumwalt DDG-1000

1.2 Multifunctional Composites
Multifunctional composites have been investigated through various means in the
literature, particularly electromagnetic multifunctional composites. One of the first

instances of an embedded non-structural function embedded within a structural



composite was the conformal load bearing antenna (CLAS) developed by A.J. Lockyer
et. al under the “Smart-Skin Structure Technology Demonstration (S*TD)” program
[3,4]. In this work, a broadband multi-arm spiral antenna was embedded into a sandwich
type composite structure intended as a model for upper or lower fuselage antennas
operating at low frequencies below 2 GHz. The spiral antenna, detailed in Figure 1.3,
was enclosed in a structural composite pan backed by an absorbing material to mitigate
unwarranted reflections and to protect internal electronics.

Several other instances of integrating antennas and frequency selective surfaces
within composite sandwich structures occurs in the literature [5-7]. In this method,
copper clad films or printed circuit boards (PCB) are patterned using photolithographic
methods then secondary bonded to composite sandwich laminate, as shown in Figure
1.4. Lastly, interweaving of conductive material has also been explored as a method of
integrating conductors inside of structural composites. Yao et. al fabricated microstrip
patch antennas and arrays by interweaving conductive filaments inside of the composite
preforms [8,9]. Carbon fibers with glass fibers has also been investigated as a frequency

selective surface within structural composites [10].



< // Aircraft outer layer
<«—— Radiating element

/— Substrate
/— Spacer

/— Load bearing face sheet
.— o

/ 4— Absorber pan

Figure 1.3 A conformal load bearing antenna structure (CLAS) as described in [3,4]
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Figure 1.4 Example of integrated antennas and frequency selective surfaces in an
alternative sandwich structure configuration as shown in [5-7]




A particular issue often left unaddressed in multifunctional structures is the
scalability of the fabrication process for the complete EM and composite structure.
Patterning of copper films over large surface areas can take significant time, is
inherently wasteful, and requires the use of various chemical etchants. Weaving of
carbon fibers can be incorporated quickly through fabric looms, however the
conductivity of carbon fibers is several order of magnitudes below that of bulk copper.
Alternatively, additive deposition of conductive inks offer many advantages over
comparable subtractive methods. The use of conductive inks for EM applications holds
significant promise for low cost, high volume production of embedded structural
electronics. The use of additive deposition of conductors has been shown for the large
scale patterning of transmission lines [11-15], frequency selective surfaces [16-19], and
antennas [20-24] on thin films and textile substrates. The direct patterning of conductors
on structural composite fabrics prior to composite processing is largely unexplored. In
this dissertation, the overall objective was to explore the use additive manufacturing to
fabricate an embedded EM multifunctional composites in a cost effective and scalable
fashion as shown in Figure 1.5.. Specifically, I individually demonstrated the use of
silver conductive inks and screen printing for the fabrication of embedded transmission
line feed structures and frequency selective surfaces within woven fabric composites
and compared them to baseline devices. Additionally, another method of additive
deposition of conductors, microdispensing, was explored as a higher quality fabrication
method for embedded antennas within a structural composite. These methods are
individually characterized at low frequencies, then compared at higher frequencies
(above 20 GHz). Finally, multi-material additive manufacturing was demonstrated as a

method of fabricating complex 3-D networks of conductors.
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Figure 1.5 Multiple embedded functions embedded within a single composite
laminate

1.3 Significant Contributions of this Work
There were a number of significant contributions to the field of multifunctional
composites that resulted from this dissertation. Specifically,
e First instance of additively manufactured transmission lines embedded
within a structural composite.
e An increase in the electrical path length of screen printed conductors
embedded within structural composites was determined.
e Mechanical characterization of structural composites with embedded

silver conductive ink was performed and compared to a baseline.



First instance of additively manufactured antenna embedded within a
structural composite.

A conductivity characterization of microdispensed conductive ink
embedded within structural composite was performed.
Microdispensing and screen printing of conductive inks embedded
within structural composite were characterized above 20 GHz by
comparison of frequency selective surface performance

Multimaterial additive manufacturing was explored as a method of
fabricating three dimensional conductive networks. To illustrate this
fabrication method, an embedded dipole antenna with a high impedance
surface was modeled, fabricated, and measured.

Control of the volume fraction of additively manufactured substrates

was used to design permittivity

These new findings resulted in the following publications:

1.

P. Pa, S. Yarlagadda, R. McCauley and M.S. Mirotznik, ' Integrating
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Manufacturing Methods', IEEE International Symposium on Antennas
and Propagation , Chicago IL, 2012

P.Pa, R. McCauley, S. Yarlagadda, M.S. Mirotznik, ‘Scaled
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within Structural Composites’, IEEE International Symposium on
Antennas and Propagation, Orlando FL, 2013
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Symposium on Antennas and Propagation, Vancouver, CN, July 2015
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P.Pa, M.S. Mirotznik, ‘Additive Manufacturing of Graded Dielectrics’,
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Electromagnetic Modeling of Woven Fabric Composites’, IEEE
Microwave Theory and Techniques, Vol. 60, No. 1, January 2012, pp.
158-169.
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‘Mechanical Behavior of Composite Laminates with High Impedance
Surfaces’ Society for the Advancement of Material and Process
Engineering, Baltimore MD, 2012.
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Simulation and Fabrication of a Transparent Meshed Microstrip Patch
Antenna’, IEEE International Symposium on Antennas and Propagation,
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Z. Larimore, P. Pa, M. Mills, E. Schaffling, S. Yarlagadda, M.S.
Mirotznik, ‘Scalable Process for creating Structually Embedded Low
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6. P.Pa, M. Mills, Z. Larimore, S. Yarlagadda, M.S. Mirotznik, ‘Graded
Surface Wave Absorbers using Resistive Screen Printing’, IEEE
International Symposium on Antennas and Propagation, Memphis TN,
2014

1.4 Dissertation Outline

The dissertation is organized as follows. Chapter 2 is a background section
intended to inform the reader of structural composites and the fabrication methods used
to build all the multifunctional composite structures shown in this dissertation. Chapter
3 is a study of microstrip transmission lines embedded within a structural composite.
The microstrip attenuation is used as a method of determining the composite influences
on the printed conductive inks. In addition, a mechanical study was performed to see
the influence of embedded conductive ink on the mechanical properties of the
composite. Chapter 4 discussed and investigates the microdispensing of conductive inks
onto woven glass composites as a higher conductivity and higher resolution deposition
method of embedded antennas. A composite embedded GPS antenna was modeled,
fabricated, and measured. The measured antenna results were compared to an optimized
model to determine the conductivity of the microdispensed inks. Chapter 5 compares
the two methods of additive manufacturing discussed in this dissertation, screen printing
and microdispensing. A frequency selective surface was modeled and fabricated using
both additive methods. The measured data is compared and used as a method to observe
the behavior of the printed conductors at high frequencies (above 20 GHz). Chapter 6
discusses the use of multimaterial additive manufacturing of polycarbonate and silver
conductive ink to fabricate more structural embedded electronics. An embedded dipole
antenna and a high impedance surface as a low profile ground were fabricated in a
polycarbonate substrate. In addition, a method of controlling the spatial fill fraction of

additively deposited material was used to control the dielectric properties for each
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device substrate. This fabrication method was used an initial model for integrating
multiple electromagnetic functions within a structural composite. Chapter 7 concludes

the dissertation and discusses future work.
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Chapter 2
BACKGROUND

The concept of electromagnetic multifunctional composites is multidisciplinary
in nature. Hence, a significant amount of background information is necessary to cover
the scope of structural composites, electromagnetic applications, and the field of
additive manufacturing. The following sections will discuss on a high level the concepts

of the aforementioned topics.

2.1 Composite Overview and Fabrication

Structure and reinforcement in high performance aircraft, vehicles, and ships are
transitioning from metal alloys to structural composites. Advanced composites hold
many advantages over traditional metal alloys including: lighter weight, tailorability for
optimum strength and stiffness, improved fatigue life, corrosion resistance, and possible
reduced assembly costs from fewer detail parts and fasteners. [1,25]. Reductions in
weight can translate to improved performance, greater payloads, longer mission ranges,
and fuel savings. The following sections are intended to inform the reader on basic
materials and processing used to fabricate structural composites and their use in
electromagnetic media and applications. Special focus will be applied to the materials
and processing methods used in the process of fabricating the multifunctional

electromagnetic structures discussed in this dissertation.

2.1.1 Composite Reinforcement
Structural composites are mainly comprised of two constituent materials,
reinforcement and matrix. Reinforcements provide the high strength and stiffness of

composites. Common materials used include carbon, aramid (Kevlar), and glass
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typically in the form of high aspect ratio continuous fibers. There are other
configurations for structural composites including particulate and chopped fiber
composites that can decrease cost in conjunction with a decrease in structural properties
and will not be discussed in the scope of this dissertation. Structural fabrics can also
come in woven and non-woven varieties. The two most common weave types are the
plain weave and satin weave, pictured in Figure 2.1. Plain weaves are considered the
simplest weave where every warp and fill yarn wraps over and then under each
successive warp and fill yarn. The plain weave has the most interlaces per unit area
making it the tightest type of weave. This makes the fabric resistant to distortion when
handling. However, due to the tight weave it is more difficult to form over complex
contours and the increased amount of fiber crimp or fiber waviness reduces the strength
and stiffness of the composite. Satin weaves minimize interlacing of yarns and thus are
more susceptible to distortion. Satin weaves are generally used for curved parts due to
the minimal interlacing of yarns. The satin weave can come in multiple harnesses. The
five harness satin weave skips over four fill yarns and then under one fill yarn. Due to
less fiber crimp, satin weaves are stronger than the plain weaves and also provide a

smooth surface finish.
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Figure 2.1  Plain weave fabric (pictured left) and 5 harness satin weave (pictured
right)

Fully formed composite laminates are made from stacking two or more highly
anisotropic fabric sheets. Continuous fiber composite materials typically consist of
multiple individual layers or plies and are oriented in directions that will enhance the
strength in that particular load direction [1]. Due to the anisotropic nature of the fabric,
fiber direction directly impacts the directional mechanical properties of the composite.
Thus, various orientations for the fabrics are possible and are designed based on the load
conditions of the particular composite. Two common ply orientations are shown in
Figure 2.2. Uni-directional layups are extremely strong and stiff in the direction of most
fibers (O degree orientation). However, they are very weak in other load directions due
to the load being mainly distributed to the weaker matrix material. In addition, the weave
of the fabric dictate the dielectric properties of the composite which will be discussed
in a later section. The ply orientation used in this work was uni-directional with in a

[0;0r] where the fabric was flipped about the midplane to balance weave stresses. [25].
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Figure 2.2 Different orientations of the composite fabric plies: 0° Unidirectional
layup (pictured left) and 0°,90° midplane orthogonal layup (picture right)
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2.1.2 Composite Matrix

Structural reinforcement in composites are held together via the matrix. The
matrix acts as a mechanism to maintain the fiber’s orientation, spacing, and protection
from abrasion and environmental damage [1]. In addition, the matrix is critical in
transmitting loads from the matrix to the fibers through shear loading at the interface.
The matrix can consist of several materials including polymers, metals, and ceramics.
In the interest of scope, the only matrix material that will be considered is the polymer
matrix.

Two types of polymer matrix materials exist: thermoplastic and thermosetting.
Thermoplastic matrix is a high viscosity resin that is processed by heating the material
above the melting temperature. The low melting temperature of the resin is subject to
slumping over time and not generally used in high performance aircraft and ships. In

contrast, thermoset resins are low molecular weight low viscosity resins that are
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processed by initiating a non-reversible chemical reaction that cross-links and
chemically binds the polymer surrounding the fiber reinforcement. Common
thermosetting polymers are vinyl esters, epoxies, and cyanate esters.

Thermoset resins must be initiated typically by mixing a part A resin with a part
B resin with a catalyst. Pre-preg or “preimpregnated” composite fabrics are fibers or
woven cloths impregnated with a controlled amount of the thermoset resin. Figure 2.3

shows a woven glass fabric with and without the preimpregnated resin.

Figure 2.3  a)50x magnification of 5 harness woven S-Glass fabric b) 50x
magnification of the 6781 S-Glass woven fabric with the BTCy-1
preimpregnated resin

The resin is B-staged such that it becomes tacky and semisolid. This allows the
layers to be stacked to form a laminate to be fully cured later. Prior to processing, it is
important to maintain the prepreg at low temperatures (below 0 C) and humidity to
slow the advancement and prevent the full curing and cross-linking of the thermoset

resin. Once the laminate is prepared for manufacture, the prepreg is raised to a controlled
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temperature, which allows the resin to reflow throughout the fiber reinforcement stack

and then fully cure and form a solid composite laminate.

2.1.3 Composite Manufacturing

A variety of methods exist to process and ultimately manufacture a structural
composite with associated advantages and disadvantages [1]. With the prepreg
composite material used in this study, a vacuum bag layup was performed inside of an
autoclave. Autoclave curing is the most prevalent method of fabricating high quality
composite laminates in the aerospace industry and electronic industry for radomes. A
layup of the composite plies, pictured in Figure 2.4, is placed in a vacuum bag that
applies vacuum pressure to the laminate during the curing process. Within the vacuum
bag, a layer of release film is applied between the laminate and the tool and caul plate
to ensure separation after the cure. The tool is the geometry which the composite
material is to be manufacture to and control the finished shape and form of the laminate.
The caul plate applies a smooth surface finish to the other surface of the laminate. A
layer of breathing material, made of a cellulose cloth, is draped on the laminate to
smooth out sharp edges and prevent the laminate puncturing the vacuum bag. Finally, a

bagging film is sealed around the laminate with a high temperature double sided tape.
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Figure 2.4 Diagram showing a typical autoclave layup

The autoclave applies hydrostatic pressure to the composite laminate during the
curing cycle. Pressure is supplied by pumping heated inert gas, in this instance nitrogen,
inside of the sealed chamber. Gas is circulated by a large fan which also acts as a
mechanism to transfer heat to the laminate during the cure cycle. Figure 2.5 depicts the
autoclave used in this work at the University of Delaware’s Center for Composite

Materials.
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Figure 2.5 The autoclave (pictured with a preform layup)

The processing parameters within the autoclave are dictated by material

properties of the resin. A Tencate BTCy-1 6781 S-glass/ Cyanate Ester prepreg was

selected for this work. This material is an industry standard for high performance

aerospace applications and good dielectric properties for radomes. The processing

parameters are detailed in the Table 2.1. A graph depicting the temperature, pressure,

and vacuum over time within the autoclave is shown in Figure 2.6.

Table 2.1  Recipe used for forming the BTCy-1 6781 composite in autoclave
Material | Vacuum | Pressure | Segment | Segment | Segment | Segment
1Temp. |[1Time 2 Temp 2 Time
BTCy-1 | 30InMg |50 psi 350 F 100 min | 120 F 30 min
6781
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Figure 2.6  Processing chart of the temperature (red), vacuum (blue), and pressure
(black) over time within the autoclave for BTCy-1 6781.

2.2 Dielectric Properties of Structural Composites

One of the first models of the dielectric properties of composites was developed
through effective media theory [26-29]. This method provides a closed form
approximation of a composite material’s effective dielectric constant as a function of
the dielectric properties of the fibers and resin and the relative volume fraction of one
the constituent materials. Satin weave fabrics, as is used in this study, exhibit isotropic
dielectric properties due to the symmetric number of glass weaves relative to the 0 and
90 orientation as described in [30]. Hence, the composite can then be modeled as an
isotropic medium and effective medium theory.

The structural composite material chosen for this study is a high strength low

EM loss glass composite prepreg, Tencate BTCy-1 6781 S-glass Cyanate Ester. This
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material is an industry standard for high performance aerospace applications and good
dielectric properties for radomes. Most composite systems do not fit this requirement
for EM application. The dielectric properties of the composite were determined using
the method referenced above and are shown in Table 2.2. The volume fractions of a
high quality structural composite are expected to fall between 40-60% fiber to resin

matrix which can result in a range of dielectric constants between 3.8 and 4.3.

Table 2.2  Tencate BTCy-1 6781 Dielectric Properties [31]

Material Dielectric Constant, | Loss Tangent, tan
Er 0

BTCy-1 Cyanate Ester (Datasheet @ 10 | 2.7 0.001

GHz)

6781 S-Glass (Datasheet @ 10 GHz) 5.21 0.006

BTCy-1 6781 Glass Cyanate Ester | 3.8-4.3 0.003-0.004

Composite

(Volume fraction 40-60%)

2.3 Additive Manufacture of Conductors

Additive manufacture patterning of conductors, also known as direct write,
selectively deposits conductive material, typically silver or carbon inks, on a desired
material. The advantage of additive deposition versus subtractive patterning methods,
such as photolithography or milling, is a greater range of possible material substrates,
ability to print conformal to surfaces, minimal material waste, and in some instances
scalability. Various methods of additive deposition exist including: inkjet printing,
screen printing, aerosol jet, and microdispensing extrusion each with respective

advantages and disadvantages well described in [32-34].
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Common to all of the methods described above is the deposition of a non-bulk
metallic conductor in a liquid or paste form. The Methode 6130S and DuPont CB 028
commercially available silver conductive inks were selected for this study. These
conductive inks are made from an aggregate of silver flakes suspended in a carrier
compound giving it a paste like viscosity that is ideal for screen printing. The ink is
comprised of silver conductive flakes dispersed in a viscous compound suitable for
screen printing. To maximize the conductivity of the silver inks, the compound must be
heated to decompose the volatile organic compounds in the ink and establish a
conductive path through deposited silver flakes. The processing parameters and

conductivities of the silver conductive inks used in this study are listed in Table 2.4.

Table 2.3 Conductors used in this study (Bulk and conductive ink)

Conductivity
. (*values
Conductor Conc_zluctlve Viscosity Cure C_ure S_he_et_ determined
Filler Temperature | Time | Resistivity from data
sheet)
Copper | Copper N/a N/a N/a | 05mQ0 |58%10 S/m
(Bulk)
Methode | Silver 80000 |95C 45 60mQ/o |13 10°
6130S cP min S/m*
Dupont Silver 30000 160 C 60 7-10 1x 107 S/m*
CB028 cP min | mQ/o

Two methods for the additive deposition of conductors were selected for this
work: screen printing and microdispensing. The following sections will discuss the

deposition methods in detail.
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2.3.1 Screen Printing

Screen printing has been adapted from the commercial textile industry for the
high resolution deposition of circuits for printed circuit boards (PCB) [34]. The screen
printing of conductive inks offer the advantage of high throughput using roll to roll
methods that can process several yards per minute. Deposition is performed by passing
a squeegee over a patterned mesh reinforced stencil with a bead of the material to be

printed, a common process in the screen printing industry.
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Figure 2.7  Process flow of screen printing conductive ink: 1) Mesh reinforced
stencil is patterned with a photosensitive emulsion similar to
photolithography. 2) Conductive ink is flooded over the stencil allowing
the ink to fill the open areas. 3) Stencil is placed over the substrate and a
squeegee passes over the stencil to push the ink through the stencil onto
the substrate. 4) Ink is treated in an oven at 95 C to maximize
conductivity.

Screen printing of conductive inks has been used for various applications
including large scale printing of microwave electronics, printed electronic circuits, and
e-textiles [11-17,34]. The process flow of the screen printing is described Figure 2.7. A

mesh reinforced stencil is covered with a thin film (1 mil) of photosensitive emulsion.
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The emulsion is covered with an opaque image and exposed with a UV light source.
The non-exposed areas are then removed by a developing fluid. The conductive ink is
then flooded over the patterned stencil by dragging a bead of conductive ink over the
screen at a low pressure sufficient to spread a thin film of the ink on the surface of the
stencil. The ink is deposited onto a substrate by passing the squeegee over the stencil a
second time at a higher pressure which presses the ink onto the substrate. Conductivity
of the ink is maximized by heating the printed ink to decompose the volatile organic

compounds.

2.3.2 Microdispensing

Microdispensing is a form of extrusion based deposition. Positive pressure is
used to extrude fluid materials through a small orifice. The system is controlled through
pneumatic pressure that can be varied and regulated to exercise precise deposition. The
machine used in in this work is the nScrypt 3Dn-300. This system, depicted in Figure
2.8, integrates dual deposition heads allowing for simultaneous dispensing of two

different materials.
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Figure 2.8  Close up view of the nScrypt 3Dn-300 microdispensing printer

Specifically, one print head dispenses a thermoplastic stock using a fused
deposition extrusion process. A second head integrates nScrypt’s patented micro-
dispensing technology. This impressive technology is capable of printing any liquid or
paste material with viscosities ranging from 0-1000000 cps with feature sizes as small
as 20 um all at a maximum write speed of 300 mm/s. The maximum build volume of
the machine is 300mm x 300mm x 150mm. In addition, the machine is equipped with
two fiducial cameras to observe the printing process and a laser scanner that can scan a
surface prior to printing and adjust the printing parameters to print directly onto curved
or complex contours. Microdispensing of conductive inks has been shown in

development of many 3D printed conformal electronics [32,33,35]. The work presented
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in this dissertation, to the author’s knowledge is one of the first instances of

microdispensed embedded electronics within structural composites.
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Chapter 3

SCREEN PRINTING OF MICROSTRIP TRANSMISSION LINES

Microstrip transmission lines are commonly used for microwave feed structures
due to their simple design and ease of manufacture. In this chapter, a 50 ohm microstrip
transmission line is screen printed using a silver conductive ink and embedded within a
low loss structural composite material. The attenuation of the composite embedded
microstrip line is compared to microstrip baselines fabricated using a standard printed
circuit board material. It is shown that microstrip transmission lines printed directly onto
structural fabrics experience an increase in electrical path length due to silver conductive
ink conforming to the undulation of the woven fabric. Additionally, there is increased
attenuation of the silver conductive ink when screen printed onto the woven fabric
compared to when screen printed onto a planar, non-porous material. However, it was
found that the attenuation of the structural fabric printed microstrips decreased with

additional printed passes of the silver conductive ink.

3.1 Introduction
Transmission lines are essential as feed networks for antennas. Planar
transmission lines, as pictured in Figure 3.1, are a low profile solution for guiding

electromagnetic waves in embedded structures.
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Transmission Line Feed

Figure 3.1 Example of feed network for multifunctional composite with embedded
antenna and transmission line feed

The microstrip transmission line consists of a metallic strip situated above a
dielectric called the substrate backed by a continuous metallic ground shown in Figure
3.2. It is fundamental for the transmission line to consist of two separate conductors to
support a transverse electromagnetic (TEM) mode, although the microstrip transmission
line supports a quasi-TEM mode due to some of the propagated fields travel in the
material above the strip. The microstrip transmission line is ideal for low profile
guidance of EM energy within a multifunctional structural composite combined with
the additive deposition of conductors. Screen printed microstrip transmission lines has
already been studied on printed circuit boards [11,12,34] and on textile fabrics[14,15].

It is observed that the reduced conductivity of the silver conductive ink increases the
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attenuation of the energy that transmitted over the microstrip line versus bulk
conductors. It is unknown how composite processing of the silver printed composite
fabrics will influence the transmission characteristics of the microstrip lines. In this
chapter, we study the electromechanical tradeoffs of screen printed silver conductive
microstrip lines as compared to a baseline made of subtractive manufacturing of copper

clad composites.

3.2 Microstrip Design

The microstrip transmission line, as shown in Figure 3.2, is a planar adaptation
of the coaxial transmission line [36]. Design equations for the impedance and the
effective dielectric constant are empirically derived based on the substrate material,

height of the substrate, and the width of the strip line.

Figure 3.2  Cross section of microstrip transmission line

The design and equations necessary to determine the impedance and effective
dielectric constant the microstrip transmission line are well known and discussed in
[36]. A 50 Q microstrip transmission line was designed, then modeled using a
commercial finite element analysis software, Ansys High Frequency Structure

Simulator (HFSS). In the model, pictured in Figure 3.3, a 200mm microstrip line was
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designed with solderless SMA end launch connectors (Southwest Microwave Inc.) that
were selected to avoid variably induced capacitances from solder or conductive epoxy.
Additionally, a small taper was included at both ends of the transmission line near the
connectors to balance the transmission lines by cancelling out the small induced
capacitance that was generated at the contact location between the signal probe of the

connector and the microstrip line.
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Figure 3.3 HFSS model of the microstrip transmission line with parametrically
determined taper (top). Mode profile at 4 GHz of simulated microstrip
transmission line (bottom).
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Table 3.1

Overview of microstrip test samples

Substrate Material | Substrate | Conductive | Fabrication
&r, tan(od) Material Process
Sample Type | Rogers 4350b 3.66, 0.004 | Copper Lithographic
#1 (baseline) Etching
Sample Type | Rogers 4350b 3.66, 0.004 | Methode Screen Printing
#2 6130S (single pass)
Sample Type | BTCy-16781 4.2,0.004 | Copper Lithographic
#3 Woven Glass Etching
Composite Prepreg
Sample Type | BTCy-1 6781 4.2,0.004 | Methode Screen Printing
#4a Woven Glass 6130S (single pass)
Composite Prepreg
Sample Type | BTCy-1 6781 4.2,0.004 | Methode Screen Printing
#4b Woven Glass 6130S (multiple pass)
Composite Prepreg

3.3 Sample Fabrication
To evaluate the microwave properties of screen printed conductive inks within
a FRP, we fabricated five sample configurations (listed in Table 3.1). All configurations

used the same width for the conductive trace.

3.3.1 PCB Copper Conductor Baseline (Sample type #1 (baseline sample))

We first fabricated a baseline sample consisting of copper traces and a Rogers™
4350b substrate. This sample provides a good reference point for comparison with the
printed samples. Its microstrip was fabricated using standard practice lithographic and
wet etching methods. The board was masked using a matte black spray paint. The
transmission line design was then ablated using a computer numeric controlled (CNC)
laser from Full Spectrum Laser. Laser ablation left exposed copper that was removed
using a ferric chloride copper etchant. The resulting transmission line width and height

were measured using standard and confocal microscopy (Figure 3.4). We obtained a
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line width of 2.83mm and a height of 35um with an average surface roughness of

2.04pm.

Figure 3.4 Confocal and standard microscopy of copper conductor microstrip
transmission line on RogersTM 4350b (Sample #1)

3.3.2 Silver Conductive Ink Screen Printed on Rodgers 4350b (Sample type #2)
In our second configuration, we fabricated a transmission line using a semi-
automatic Nano-print screen printer to print silver ink on the same Rodgers 4350b
substrate as the baseline sample. A mask with 325 thread/inch mesh, 0.011 inch wire
diameter at 28.5 degrees, and 1 mil emulsion thickness was professionally patterned by
Utz, LLC. The microstrip trace was printed using Methode 6130S silver conductive ink
on a single side of the Rodgers board, and was then cured (at manufacturer
specifications) by baking in a 95 °C oven for 45 minutes. The board was then flipped,
patterned with the ground plane and cured as before. The silver printed transmission
lines were measured as above and had a line width of 3.02 mm, a height of 20um, and

an average surface roughness of 2um (Figure 3.5).
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Figure 3.5 Confocal and standard microscopy of silver conductive ink transmission
line on RogersTM 4350b (Sample #2)

3.3.3 Woven Fabric Composite Substrate with Copper Conductors (Sample
type #3 (baseline sample))

In the third sample configuration, we integrated copper traces and ground planes
within a woven fabric composite. The solid composite substrate was first fabricated
using a stack built of 4 layers of S-2 Glass/ BTCy-1 Cyanate Ester prepreg sandwiched
between two layers of dry S-glass fabric and 2 layers of co-cured 10z copper foil on the
bottom and top surfaces. The dry fabric layers were included to mimic the stacking
procedure that was used for the silver printed samples described in the next section. The
preform was vacuum bagged, placed within an autoclave and cured at 344.74 kPa peak
pressure and 176.6 °C temperature for 90 minutes (according to manufacturer
specifications). After curing, the copper microstrip trace and ground plane were
fabricated from the co-cured 1oz copper foil. The resulting transmission line had a

width of 2.8 mm and a height of 75 um with an average surface roughness of 3.2 um.
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3.3.4 Woven Fabric Composite Substrate with Screen Printed Conductive Ink
(Sample types #4a and 4b)

Our last two samples were constructed by screen printing silver ink onto a woven
fabric composite. The microstrip trace and ground plane layers were first screen printed
onto dry 8 oz. S-glass woven fabrics. During this step we varied the number of screen
print passes from a single pass (Sample #4a) to multiple (up to four) passes (Sample
#4b). During each pass additional ink was deposited creating a thicker and more
homogeneous print. For the multi-pass samples the ink deposited on each pass was
allowed to partially dry before the next pass. The final printed fabrics were heated using
the same processing parameters as the silver printed PCB microstrips as in sample type
#2. To integrate the printed layers with the composite substrate, the transmission lines
and ground plane were separated and placed respectively above and below four layers
of S-glass/ BTCy-1 Cyanate Ester prepreg in a mid-plane symmetric stack. The entire
stack was vacuum bagged and cured in an autoclave as described in the previous section.
Transmission line width was measured at 3 mm, surface height variation was measured
by confocal microscopy shown in Figure 3.6 and is discussed in the next section. Printed
ink thickness was not measured due to resin flow surrounding the conductive ink. To
investigate the homogeneity, approximate height, and surface roughness of single and
multi-pass prints, we performed X-ray computed tomography (CT) on the samples using
a Skyscan 1174 micro-CT scanner. Single pass samples (Figure 3.7) show minor
penetration of the silver conductive ink around the fiberglass fabric. Due to undulation
of the satin weave, ink settling on the woven fabric can be seen on the underside of the
printed area (Figure 5b). The thickness of the printed ink varied between 25um and
95um. This likely has a measureable influence on the conductivity and electrical length

of the sample.
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Figure 3.6  Confocal and standard microscopy of silver conductive ink on woven
fabric composites after autoclave (Sample #4b)

25-95um
print
thickness

Figure 3.7 a) Top view of CT image scan of the autoclaved conductive ink on
fiberglass fabric. b) CT image of composite sample reveals the underside
of the printed ink with hills and valleys that range from 25um to 95um
printed ink thickness.

3.4 Extraction of Conductivity using a Rigorous EM Model
To determine the conductivity of the silver conductive inks, we performed a

direct comparison to a rigorous electromagnetic model. We measured transmission line
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S-parameters using an Agilent E8364B portable network analyzer (PNA) that was
calibrated using the economy 3.5mm calibration kit 85052D. Transmission lines were
connected and time gated to remove any reflections. We compared these measurements
to an electromagnetic model generated by Ansys HFSS where the conductivity of a
modeled microstrip conductor was parametrically varied. By comparing the measured
attenuation over the frequency band with simulated values, we extracted the

transmission line conductivity.

3.4.1 General HFSS Model

We used commercial finite element analysis software, High Frequency Structure
Simulator (HFSS) sold by Ansys Inc, to model the fabricated microstrip transmission
lines (Figure 3.2). To achieve a realistic model that was as close to the fabricated sample
as possible, we included the excitation connector in the model. The connectors were
solderless SMA end launch connectors (Southwest Microwave, Inc.) that were selected
to avoid variably induced capacitances produced by solder or conductive epoxy. We
added a small taper at both ends of the transmission line near the connectors to balance
the transmission lines by cancelling out the small induced capacitance that was
generated at the contact location between the signal probe of the connector and the

microstrip line.

3.4.2 Planar Conductivity Extraction (Samples #1, #2)

We adjusted the general model to include the Rogers™ 4350b substrate and the
width of the copper microstrip measured by confocal microscopy (see above). We fine
tuned the model to match transmission phase by de-embedding the model excitation.

This adjustment is necessary to balance variance due to connector artifacts between

36



measurements. We set the optimal de-embed distance of the port to 4.2 mm, and kept
this factor consistent for all simulations to mimic the phase incurred from the
connectors. Figure 3.8 plots the modeled and measured data from the copper and silver
printed transmission lines on Rogers™ 4350b. We verified the reported DC
conductivity (ci = 1.3 x 10° S/m) of the Methode 6130S silver conductive ink through
simulation. We found the relative conductivity of the Methode 6130S to bulk copper

(60 = 5.96x 107 S/m) to be approximately 0.022 co.

0.07 | | | | |
== Neasured Cu TL

0.06 - Simulated Cu TL| T e i
=== Measured Ag TL

0.05¢

,,,,,,,, —=-Simulated Ag TL

f)
=

Attenuation (dB/cm)
=

Figure 3.8 Comparison of transmission between silver printed conductive microstrip
line and copper microstrip line on Rogers 4350b shows that silver ink
conductivity is 2.2% of bulk copper conductivity
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3.4.3 'Woven Fabric Composite Transmission Line Model and Single Pass
Conductivity Extraction (Samples #3, #4)

The copper transmission line fabricated on the BTCy-1 6781 (Sample #3) was
used to verify the in-plane dielectric constant of the structural composite. The measured
transmission phase of the copper microstrip (i.e., £S21) agreed well with the modeled
transmission phase using a dielectric constant of r = 4.2 for the substrate. However, the
measured phase of the silver printed transmission lines showed a slight discrepancy
from the modeled results when using the same dielectric constant (i.e., & = 4.2). We
determined through detailed surface metrology that this discrepancy resulted from
undulations in the 7-harness satin weave. The undulations cause a slightly longer
effective electrical length for the silver printed transmission lines (Figure 3.9). To
correct this, we increased the physical transmission line length in the HFSS model to
the true electrical length of the silver printed ink on a woven fabric. Using confocal
microscopy shown in Figure 3.7, we found this electrical length to be approximately
1.75% longer (203.5 mm) than the physical length (200 mm) as demonstrated in Figure
3.9. After making this adjustment, the modeled and measured transmission phases were

in excellent agreement (Figure 3.10).
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Figure 3.9 a) 3D CAD model of 7 harness fabric weave. b) Cross section of the
weave reveals undulation of printed conductor resulting in a 1.75% path
length increase of the transmission line
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Figure 3.10 Measured and predicted transmission of phase of the 200mm composite
microstrip transmission lines.
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We used this corrected HFSS model to extract the conductivity values of the
silver ink from the measured frequency dependent attenuation plots shown in Figure
3.12. The extracted conductivity values for all samples are given in Table 3.2. They
indicate that silver ink printed on the structural fabric has a lower effective conductivity
than silver printed on PCB. The conductivity of a single pass printing of silver on fabric
(01 = 3.3 x 10° S/m) is only 25% that of silver printed on a planar PCB substrate (ci =
1.3 x 10° S/m; Sample #2). However, each subsequent print pass steadily increases the
conductivity until, after four print passes, the conductivity is 80% higher (6 x 10° S/m)
than the single print pass or 46% that of the silver printed on PCB, oi . This is not
surprising since the effective electrical conductivity is sensitive to both the total amount
of printed silver as well as the print uniformity. Multiple print passes increase the total
amount of ink while simultaneously filling in gaps missed during previous print passes.
This reasoning is supported by CT imagery of the silver ink printed on fiber glass fabric
that shows pockets and voids in the printed ink layer as well as repeated sections of
thick and thin printed areas (Figure 3.11). All these printing artifacts significantly affect
the overall conductivity. While we did not go beyond four print passes on the fiberglass
substrate, we expect more passes to increase the conductivity until it approaches 1.3 x
10° S/m, the measured conductivity of silver ink printed on the planar Rogers™

substrate (Sample #2).
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thickness

a) b) C)

Figure 3.11 Cross sectional CT imagery of 4 pass (Sample #4b) silver embedded ink
shows a) undulation of ink on fabric weave with thin and thick areas of
ink; b) an air pocket, or void, forming within the conductive ink; and c)
an overlap area where ink flows underneath the fiber bundles.

3.4.4 Conductivity Summary

The conductivity data summarized in Table 3.2 provides a few observations.
First, when the silver based ink is screen printed on a nearly planar substrate, such as
the Rogers™ 4350b material, the high frequency conductivity approaches the DC
conductivity of the inks reported by the vendor (1.3 x 10° S/m). This result is consistent
with values on planar substrates acquired using other conductive characterization
methods [10-14]. Second, all samples fabricated using conductive inks have
conductivity values over an order of magnitude lower than our baseline samples that
were fabricated using solid copper transmission lines. Third, when our silver based ink
is screen printed onto a woven structural fabric, the conductivity values are significantly
lower (i.e., 5x) than those of planar surface prints. We found through confocal and
micro-CT imaging that this decrease results from the undulations inherent in the woven

fabric that create a complicated non-uniform print surface. Multiple print passes
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improve the uniformity and thus increase the effective conductivity of the transmission

line. Reported conductivities are on a suitable order for use in EM systems.
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Figure 3.12 top) Measured and simulated data of composite microstrip transmission
line. bottom) Expansion of 3 GHz data for silver printed composite
transmission line. Red dashed line shows simulated theoretical maximum
for conductivity of silver ink.
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Table 3.2  Summary of Conductivities

Sample Conductor Conductivity
Sample #1 C Baseli 5.96 x 10'
(Baseline) opper (Baseline), o, oim

Methode 6130S (Planar DC Conductivity) and 6
Sample #2 Extracted o, 1.3x10 S/m
Sample #3 Copper (Baseli 5.96 x 10°
(Baseline) opper (Baseline), o, oim
Methode 6130S (1 Pass on Structural Fabric), 5
Sample#4a Extracted o, 3.3x10 S/m
Methode 6130S (2 Pass on Structural Fabric), 5
Sample#4b Extracted o, 4x10 S/m
Methode 6130S (3 Pass on Structural Fabric), 5
Sample#4b Extracted o, 5.8x 10 S/m
Methode 6130S (4 Pass on Structural Fabric), 5
Sample#4b Extracted 6, 6x10 S/m

3.5 Mechanical Testing

To determine the mechanical impact of the embedded conductive inks, we
performed tests to assess adhesion of printed layers to the composite. We selected the 3
point short beam shear test and the floating roller peel test to investigate the shear
strength and peel strength, respectively, of the embedded conductive inks within

composite laminates.

3.5.1 Short Beam Shear

The short beam shear test was performed to the ASTM D2344 standard. The
baseline consisted of 24 layers of BTCy-1 6781 80z. S-glass assembled in a mid-plane
symmetric layup, yielding a 6.35mm thick composite. Due to the thickness of the
sample, every 8 layers of prepreg were debulked under vacuum prior to consolidation.
The experimental sample, also debulked as described, contained 23 layers of the prepreg

and a midplane oriented single layer of dry s-glass printed with a continuous plane of
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Methode 6130S silver conductive ink cured at manufacturer specifications. The layups
were processed in the autoclave at a peak temperature of 344.74 kPa peak pressure and
176.6 °C temperature for 90 minutes. The samples were then cut to approximately

12.7mm x 38.1mm X 6.86mm coupons.

12.7mm diameter /

3.175mm diameter

Figure 3.13 Diagram of short beam shear test fixture

Figure 3.14 Short beam shear test fixture on Instron 5567
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These coupons were loaded in the warp direction by an Instron 5567 with a 30kN
load cell at a rate of 12.7mm/min. Rubber pads were placed on the top load to prevent
premature failure due to crushing. The test fixture is shown in Figure 3.13 with details
illustrated in Figure 3.14. Figure 3.15 plots the results. Baseline samples experienced
bond failure, Figure 3.16, with a maximum load of 8717.02 N indicating an average
short beam shear strength of 1762.4 +/- 29.64 psi. Silver conductive ink embedded
samples experienced bond failure with a maximum load of 6867.26 N and an average

short beam shear strength of 1543.9 psi with a standard deviation of 124.78.
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Figure 3.15 Short beam shear (SBS) results for baseline and silver conductive ink
samples.
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Figure 3.16 Silver conductive ink samples showing failure results of short beam
shear. Failure mode indicates bond failure between silver conductive ink
and resin

3.5.2 Floating Roller Peel

The floating roller peel test was performed to the ASTM D3167 standard. The
control baseline contained 8 layers of BTCy-1 6781 80z. S-glass producing a thickness
of approximately 12.7mm after autoclaving processing as described above. Via a burn
off procedure, we determined a fiber volume fraction of the baseline of 44.2%. A layer
of release film was set 1 layer below the surface to allow for the test fixture (Figure
3.17). As per the ASTM standard, the control was cut to 6 samples of 12.7mm x 254mm.
The experimental sample was fabricated using the same method as the baseline, with
the modification that the sublayer below the release film was replaced with a dry sheet
of s-glass printed with a continuous plane of silver conductive ink. The samples were
loaded at a rate of 6 in/min with an Instron 5565 500N load cell. Figure 16 plots the
results. The baseline sample reported an average peel strength of 20.714 +/- 1.059 N/cm.
Inspection of the samples revealed a cohesive failure within the resin (Figure 3.18). The

silver screen printed sample reported an average peel strength of 19.501 N/cm with a
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standard deviation of 1.14N/cm. Sample inspection showed adhesive failure between

the silver conductive ink and the resin/fibers (Figure 3.19).

Figure 3.17 Floating roller peel test fixture loaded on an Instron 5565

20.7

Average Peel Strength
(Newtons/cm)

Baseline m Silver Screen Print

Figure 3.18 Floating roller peel results for baseline and silver conductive ink samples
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Figure 3.19 Failure mode results. Top: bottom (left) and top (right) layers of baseline
sample show cohesive bond failure within the resin. Bottom: silver
conductive ink samples show cohesive failure between the silver
conductive particles and the resin.

3.5.3 Mechanical Summary

A fiber reinforced low EM loss composite with embedded silver conducting
ground plane was evaluated for short beam shear strength and peel strength then
compared against a baseline. The short beam shear strength of the silver printed sample
was an average of 13% below the evaluated baseline. The printed sample also showed
a much larger standard deviation against the baseline. The peel strength along the silver
printed boundary showed promising results with only a marginal average decrease in
peel strength of %6. This initial mechanical study certainly calls for a more in depth
characterization of the mechanical impact of silver inclusions, however the initial results

are promising towards integrated EM feeds and structures.
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3.6 Conclusions

In this chapter, we investigated the high frequency conductivity of silver
conductive inks embedded within a structural composite substrate. For the substrate, we
used a low loss structural composite system S-glass/ BTCy-1 Cyanate Ester as it proved
to be an adequate substrate for electromagnetic functionality integration. We compared
transmission line simulated and measured values and confirmed the reported
conductivity of the Methode 6130S silver ink on planar substrates. We also determined
that this ink’s conductivity on a fabric weave composite is 25% its conductivity on
planar substrates at a single print pass. This lower conductivity is due to an inadequate
amount of continuous silver printed on the composite fabric. Thus multiple print passes
are necessary for increasing the conductivity so it approaches the values for planar
prints. Our initial mechanical study of the silver printed composite samples provided
promising results. Compared to continuous printed silver planes, our silver printed
composites show an average decrease in shear strength of ~21% and in bond strength
of ~6%. This study demonstrated the electrical and mechanical viability of embedding

silver, printed electromagnetic systems within a truly structural composite.
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Chapter 4

MICRODISPENSING OF STRUCTURALLY EMBEDDED ANTENNAS

In the previous two chapters, two different EM devices were fabricated within a
structural composite by means of screen printing silver conductive ink onto a woven
glass fabric. It was found on both occasions that the EM performance of these devices
were reduced when screen printed onto the woven fabric composite as compared to both
bulk conductors and the silver ink printed onto a planar and nonporous material.
Reduced conductivity of screen printed inks may be outweighed by the high scalability
of screen printing. For example, when engineering the RCS of structures by patterning
an entire composite hull or deckhouse with an FSS. However, concerning feed structures
and antennas, a reduction in conductivity has larger implications which directly
increases attenuation and reduces range and gain. Microdispensing of conductive inks
offers consistent deposition and smaller minimum feature sizes over screen printing at
the cost of scalability. In this chapter, microdispensing is explored as a higher quality
method of fabricating embedded antennas within a structural composite as shown in

Figure 5.1
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Figure 4.1 Example of a multifunctional composite with an embedded microstrip
antenna and feed

4.1 Introduction

Microdispensing is a direct write process that deposits conductive inks onto a
substrate without the need of a pre-patterned stencil [32, 33]. CT imagery of the
previously discussed screen printed microstrip transmission lines, as shown in Figure
3.11, revealed that pressure from squeezing the conductive ink through the stencil onto
the woven fabric forced conductive ink between fiber bundles and also left voids in the
printed traces which ultimately reduced the effective conductivity of the printed
conductors. In contrast, microdispensing is a gentler process of depositing ink that
places no pressure on the substrate. The implications of this gentler deposition process
allows the user to use lower viscosity and higher conductivity inks and will promote

reduced voids and ink penetration into the woven fabric. The resulting conductive traces
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on woven fabrics can have a higher conductivity than those printed with screen printing
technology. In this chapter, as the final portion for an EM multifunctional composite, a
conformal load bearing antenna was fabricated and embedded within a structural
composite. Microdispensing of conductive inks was used in place of screen printing as
a conductor patterning method to enable the use of higher conductivity inks and faster

relative throughput of prototype antennas.

4.2 Conformal Load Bearing Antenna Design

Conformal load bearing antennas are a specific class of antenna that are low
profile and do not contribute to a structure’s aerodynamic drag. Size, weight, and radar
cross section (RCS) can all be reduced relative to standard protruding antennas in
addition to performing as a load bearing member of a structure [3-9]. Several load
bearing antenna structures in the literature have required the use of a secondary bonding
to a composite enclosure or sandwich structure. In place of secondary bonded platforms,
antennas that are printed directly onto fabric do not require the breaking of load bearing
fibers or specific sandwich constructions. In addition, printed composite antennas are
self-protected from environmental exposure and maximize the functional area of
structures while performing as a load bearing member.

A microstrip patch antenna geometry was selected for this study. The patch
antenna is a low weight and low profile antenna ideal for aerospace applications. The
design and radiation characteristics of the antenna are well known. A reference for the
design equations are included in [40]. The antenna consists of a square conductive patch
and ground plane separated by a dielectric. The edge of the antenna is fed by a microstrip
transmission line. A model for the antenna was designed in a commercial finite element

analysis software (Ansys HFSS). Because the input impedance of square patch antennas
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are generally very high, it is difficult to match the feed with the antenna simply by
feeding the edge of the patch. The input impedance decreases as the feed location
approaches the center of the patch. To match the edge feed, an inset of patch was
included to match impedance of the feed location to be 50 ohms. Circular polarization,
as is used in GPS data transmission, was generated by truncating the corners of the
antenna and offsetting the feed location relative to the center of the patch antenna. An
optimization of the antenna geometry was performed in HFSS, the resulting antenna
dimensions are shown in Figure 5.2 and detailed in Table 5.1. BTCy-1 6781 was
selected as the antenna substrate material to be consistent with the previous sections.
The material was modeled as isotropic dielectric with relative dielectric constant, r, Of

4 and loss tangent, tan(o), of 0.004.
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Figure 4.2  Microstrip antenna design with truncated corners to induce a circular
polarization
Table 4.1  Optimized truncated patch antenna dimensions
substrate | substrate | patch slot offset feed 3 inset
width | height | width | width width | 9%
120mm 1.35mm | 46.3mm | 5.34mm | 3.89mm | 2.5mm | Imm | 2.07mm

The modeled antenna shows a good impedance match at 1.575 GHz with a return

loss of approximately -15dB as shown in Figure 5.3. The simulated axial ratio is shown

in Figure 5.4. Satisfactory axial ratio performance is considered below 3dB. The 3dB

bandwidth of the antenna is 50 MHz with a minimum of approximately 2.6 dB at 1.575

GHz.
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Figure 4.3 The modeled antenna shows a good impedance match at 1.575 GHz with
a return loss of approximately -15dB
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Figure 4.4  Simulated axial ratio of the GPS antenna at 1.575 GHz. 3dB band width
is 0.05 GHz.
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The radiation pattern of the antenna is simulated in Figure 5.5. Radiation into

the half space is consistent with microstrip patch antenna geometries.

RealizedGainTotal
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Figure 4.5 Radiation pattern of the microstrip patch antenna at 1.575 GHz

Figure 5.6 details the realized gain of the truncated microstrip patch antenna. A
relatively low broadside gain of 3dB is observed but is consistent with circularly

polarized microstrip antennas.
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Figure 4.6  Simulated gain of the truncated patch antenna at 1.575 GHz. The
maximum gain occurs at broadside radiation at approximately 3dB

4.3 Fabrication

An nScrypt 3Dn-300 microdispensing printed was used to fabricate the
microstrip antenna. DuPont CB028 silver conductive paste was selected for its higher
reported conductivity as compared to the Methode 6130S detailed in Table 2.3. The

material was loaded in a 5mL syringe and deposited onto the 80z 7 harness satin weave

S-2 glass fabric picture in Figure 5.7.
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Figure 4.7 A close up view of the nScrypt microdispensing printer depositing
DuPont CB028 silver conductive ink onto a woven glass fabric

The printed antenna and ground plane were heated in an oven at temperature of
160 C for one hour as per manufacturer specification to decompose volatile compounds
and maximize conductivity. To achieve an approximate thickness of 1.35mm, four
layers of the BTCy-1 6781 prepreg composite material was stacked in a midplane
symmetric layup. The printed antenna and ground plane were placed on the top and
bottom of the layup respectively. A small strip of non-bonding tape was placed on the
edges of the microstrip feed and ground to ensure an exposed conductive area for

connectors after composite processing. The completed layup is detailed in Figure 5.8.
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Figure 4.8 Autoclave Layup of GPS Antenna

The layup was processed in an autoclave in the same manner as described in
previous chapters. Once cooled to room temperature, the finished composite laminate
was removed from the autoclave and cut to shape by a diamond bladed table saw.
Solderless Southwest end launch connectors were attached to composite antenna, as
pictured in Figure 5.9. Good resin wetting was observed around the conductive printed
areas as shown by a smooth surface finish. Small surface voids were observed on the
non-printed composited areas indicative of insufficient resin content for the additional

non-impregnated woven glass areas.
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Figure 4.9 Image of finished composite embedded GPS antenna with attached
connector

4.4 Measurement and Results

The antenna was connected to an Agilent E8364B portable network analyzer. A
one port SOLT calibration was performed using an Agilent 85052D 3.5mm economy
calibration kit. The antenna was measured between 1-2 GHz. The measured S11 results

are plotted with the simulated antenna data in Figure 5.10.
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Figure 4.10 Comparison of the measured and simulated S of the composite
embedded patch antenna

A 500 MHz shift downward in was observed in the measured antenna relative
to the modeled antenna. In addition, a small impedance mismatch at the can be seen by
the standing wave noticed on the measured Si: peak due to a wider feed width being
fabricated than simulated. While the GPS L1 band is narrow at 1.575 GHz, the
fabricated antenna would not operate well as a GPS receiver. A baseline composite was
using the same layup of the embedded antenna was fabricated and found to have a
dielectric constant higher than originally modeled. The corrected &, 0f the material was

measured to be 4.25. Antenna geometry was re-optimized and is listed in Table 5.2.
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Table 4.2

Re-optimized truncated patch antenna dimensions

substrate | substrate | patch slot offset feed a inset
width | height | width | width width | 9%
120mm 1.45mm | 45.9mm | 5.09mm | 3.89mm | 2.5mm | Imm | 2.0/mm

With the nScrypt microdispensing system, it was simple to modify the design

and deposit the conductive ink with little lead time. Another antenna was fabricated

using the same methods listed previously. The measured antenna and re-optimized

simulation are shown in Figure 5.11.
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Figure 4.11 Comparison of the measured and simulated S1; of the second fabricated

antenna
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The second antenna similarly experienced a spreading of conductive ink, which
increased the size of the geometry and the spread the inset feed. Unlike the first
fabricated antenna, there are no standing wave influences on the measured Si1. Using
this measured data, it is possible to determine an approximation of the printed ink
conductivity. First, metrology was performed on the fabricated antennas to determine
the actual physical dimensions of the microdispensed conductors. The measured

dimensions are shown Table 5.3 for both antennas.

Table 4.3  Measured and simulated antenna geometries (dimensions in mm)

antenna subst. subst. patch slot offset feed a inset
width | height | width | width width | 9%

M‘ide' 120 | 135 | 463 | 534 | 389 | 25 1 2.07

Fab.1 | 120 145 | 4736 | 564 | 3.89 2.82 0.75 1.82

M‘;de' 120 1.45 45.9 5.09 3.89 25 1 2.07

Fab.2 | 120 145 | 464 564 | 3.89 333 0 0

The physical parameters measured in the second antenna were included in
modeled antenna. Due to spreading of the ink, the matching gap and inset were removed
from the model. Two parameters of the antenna were not possible to measure directly:
effective dielectric properties of the composite and conductivity of the silver conductive
ink when microdispensed onto structural woven fabric. These values were considered
unknowns. A study was performed in HFSS to determine the effects of the substrate
permittivity, Figure 5.12, and patch antenna conductivity, Figure 5.13, on the S11 of the

embedded antenna.
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Figure 4.12 Dielectric study of the modeled composite substrate. It can be seen as the
dielectric constant is increased the impedance match of the antenna
predictably improves.

The dielectric study of the composite substrate permittivity shows as the
permittivity increases, the resonance is shifted downwards in frequency, increased
impedance match as the resonance depth increases, and a narrower bandwidth occurs.
It is also observed that the simulated Si1 converge very quickly at higher and lower
frequencies relative to the resonance point for all simulated antennas. The influence of
modeled silver conductive ink was more profound. A logarithmic study of the ink

conductivity was modeled in HFSS. As conductivity decreases, bandwidth increases
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and attenuating influences can be seen at frequencies higher and lower relative to the
resonance point. At two orders of magnitude below reported conductivity, the
bandwidth is significantly larger and the -3dB S11 at frequencies outside of the

resonance bandwidth indicates increased attenuation and reduced antenna efficiency.
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Figure 4.13 Conductive study of the modeled silver conductive ink.

Following the study, the unknown substrate permittivity and conductivity were
optimized within HFSS. The known measured dimensions of the second antenna were

kept constant. Resulting simulated and measured data compared in Figure 5.14.
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Figure 4.14 Corrected simulation of the antenna with conductivity values close to
1x107 S/m and substrate permittivity of 4.25

The shift in frequency was represented by a substrate permittivity determined to
be 4.25. The impedance match of the antenna resulted in a satisfactory return loss of -
16.2 dB. Si11 bandwidth is directly correlated with the conductivity of the antenna
geometry. The measured data showed a slightly higher bandwidth than the simulated
antenna with a conductivity set to the reported data sheet conductivity of the DuPont
CB028, 1 x 10’ S/m. This relatively high conductivity result is encouraging towards the

development of embedded silver printed conductors. This results is also indicates that
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microdispensing can pattern conductors one order of magnitude higher than the

conductivity measured via screen printing of silver conductive ink shown in Chapter 3.

4.5 Conclusions

In this chapter, a low profile microstrip patch antenna was designed, fabricated,
and embedded within a woven fabric composite laminate via microdispensing of silver
conductive ink. The antenna was measured and found to have a 500 MHz discrepancy
and non-modeled standing wave when compared to the modeled antenna. Using the
relatively little set up time and high throughput of microdispensing, another antenna
design was quickly fabricated and measured. Although the second fabricated antenna
was measured to have an operational frequency lower than modeled, good antenna
impedance matching was observed. Metrology was performed on the antenna to
determine the physical dimensions. A final model was used to match the modeled
conductivity of the silver conductive ink when microdispensed on the woven glass

fabric and found little impact to the data sheet reported conductivity.
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Chapter 5

ADDITIVE MANUFACTURE OF STRUCTURAL FREQUENCY SELECTIVE
SURFACES

In this chapter we investigated the use of additive manufacturing for embedding
frequency selective surfaces (FSS) within a woven fabric structural composite.
Specifically, we explored the use of both conductive screen printing and
microdispensing as a low cost and scalable manufacturing process for realizing
multifunctional structural composites that possess both good mechanical and
electromagnetic (EM) properties. In addition, this is the first instance of a additively
manufactured FSS within a structural composite. The FSS performance was also used
as method of characterizing the effect of composite manufacturing process on the
conductive properties of embedded conductive inks at high frequencies, i.e above 20
GHz. The FSS layers were fabricated by direct deposition of silver conductive ink onto
a woven structural glass fabric. To evaluate this manufacturing process both capacitive
and inductive FSS were designed within the Ka-Band (i.e. 26-42 GHz). The fabricated
FSSs were then embedded within a woven fabric composite and experimentally

characterized.

5.1 Introduction

Frequency selective surfaces (FSS) act as spatial filters that can be engineered
to transmit or reflect incident EM radiation [37]. The integration of FSSs within a
structural composite has been investigated in the literature using a variety of methods.
A common fabrication methodology is adhering patterned copper foils within or on the
surface of a composite laminate or composite sandwich structure [6]. Others have

investigated using more textile approaches in which they interweave carbon fibers with
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glass fibers to create a frequency selective surface within a structural composite [9].
One concern with these approaches is the scalability of the manufacturing process to a
large composite structure. For instance, patterning of copper films over large surface
areas can be labor intensive and requires the use of various chemical etchants. Weaving
of carbon fibers can be scaled to large surfaces using standard fabric looms, however,
the electrical conductivity of the carbon fiber is orders of magnitudes below that of bulk
copper. This results in a large degradation in EM performance. Moreover, the ability
to create complicated geometrical features, such as those used in most FSS designs, is
not easily accomplished using weaving techniques. Alternatively, additive deposition
of conductive inks offers many advantages over comparable subtractive methods. The
use of conductive inks for EM applications holds significant promise as a low cost, high
volume manufacturing method for embedded structural electronics and EM
components. The EM and mechanical compatibility of silver conductive inks embedded
within woven fiber reinforced polymeric (FRP) composites was studied up to 4 GHz in
the previous chapter and to 20 GHz in [16]. Higher frequency behavior (above 20 GHz)
of silver conductive inks embedded within structural composites has not yet been
reported.

In this chapter, we characterize the high frequency performance (> 20 GHz) of
an embedded structural frequency selective surfaces fabricated via both conductive
screen printing and microdispensing as shown in Figure 5.1. Specifically, we designed
two FSS patterns, a band pass and band reject filter, and fabricated those designs via
conductive additive manufacturing onto woven glass fabric substrates. The printed
layers were then embedded and formed within a structural composite laminate and

compared for EM performance.
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Figure 5.1 Multifunctional composite with embedded antenna and frequency
selective surface

5.2 Design

The proper design of a FSS embedded multifunctional composite involves the
simultaneous design of many critical parameters including: structural composite
reinforcement and matrix, conductor fabrication, and frequency selective surface
design. To study the high frequency properties of the silver screen printed ink embedded
within the structural composite a series of frequency selective surface test samples were
fabricated.

FSSs are a common means of reducing the radar cross section (RCS) of aircraft
and an effective method of electromagnetic interference (EMI) mitigation [37]. Their
ability to selectively transmit or reject incident electromagnetic (EM) radiation is used

to only allow frequency bands of interest through to a receiver. There are a wide variety
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of possible element designs for specific filter responses such as band reject, band pass,
dual resonance, etc. Categorically these are all variants on two basic designs shown in
Figure 5.2, solid and slot type geometries also known as capacitive and inductive

elements respectively.

Metal No Metal
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2 mm
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Figure 5.2  Frequency selective surface geometries can be categorized as capacitive
(left) and inductive (right) with reciprocal filter responses. The hashed
areas represent metallic material.

The most common of the surfaces are the passive type element that depend on
incident radiation to excite currents on the array of metal elements, which selectively
reflects or transmits the incident radiation. The frequency response is governed by
element geometry and size. Capacitive type elements, pictured in Figure 2 left, are solid
metallic shapes and behave as band-stop filters. Inductive type elements are the
reciprocal of the capacitive type shape and in turn behave as band-pass filters. It is
generally considered that resonance occurs when element size is approximately A/2,
where A is the wavelength of the incident radiation. Both solid and slot type FSSs are
presently investigated to cover the gamut of possible FSS designs that could be found

in a practical structure. A square patch and slot FSS element were designed using a
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commercial finite element analysis software, Ansys HFSS. A design with a 2 mm square
and slot at a 4mm period was selected for a resonance frequency at the center of the Ka-
Band (35.5 GHz). A dielectric constant of 4.2 was assumed for the composite material
substrate. The conductor used in simulation was based on the conductivity of copper.

The simulated data is plotted in Figure 5.3.
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Figure 5.3  Simulated frequency response of the capacitive type FSS (green line) and
the inductive type FSS (blue line). The capacitive type FSS behaves as a
band stop filter centered at 35.5 GHz. The inductive type FSS shows
band pass filter behavior with a peak approximately at 36.5 GHz.

5.3 Fabrication and Microscopy

The FSS geometries were directly printed onto a dry layer of the S-2 glass
fabric. Composite processing of the structural FSS was consistent with the methods
previously described. In the composite layup, to achieve a thickness of 2mm, the layup

was consistent of 7 layers of BTCy-1 6781 prepreg in a unidirectional layup with the
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printed FSS fabric set in the midplane of the layup for a total of 8 plies of woven glass.

The following sections cover the microscopy of the printed FSS elements.

5.3.1 Silver Screen Printed S-Glass

The Methode 6130S silver conductive ink was used as the screen printed
conductive material. The higher viscosity of the conductive ink relative to the DuPont
conductor was more suited to the screen printing process such that minimized ink
spreading and permeating into the woven glass fabric. Microscopy of the screen printed
FSS elements are shown in Figure 5.4. Spreading and slight rounding of corners of the
capacitive elements can be seen from the 50x magnified image. The inductive FSS
showed improved element accuracy with slight under printing of the element along the
length of the glass fiber. Undulation of the conductive ink on the woven fabric can be
seen on Figure 5.4. This was previously found in the previous chapter to ultimately

reduce the conductivity of the silver ink and an effective increase of length.

Figure 5.4  50x Magnification of 7 harness S-2 Glass after Methode 6130S silver
conductive ink screen printed FSS after 45 min at 90 C. Undulation of the
conductive ink appears as the ink conforms to the woven fabric.
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The cross section microscopy of the finished composite, shown in Figure 5.5,
demonstrates the undulation of the silver conductor to the weave of the fabric. It is
apparent from the cross section images that the thin deposition of conductive ink
conforms to the weave of the fabric. The approximate print thickness was measured to

be 43 pum.

DLO
L=1.833 mm

c) d)

Figure 5.5 Cross section microscopy of the screen printed composite FSS. a) 50x
magnification of the capacitive FSS. b) 200x magnification of a
capacitive patch element shows thin deposition and conforming to fiber
bundles. ¢) 50x magnification of inductive type FSS with a semi-
continuous deposition. d) 200x magnification of inductive FSS with a
silver ink thickness of approximately 43 pm.
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5.3.2 Microdispensed FSS on S-Glass Fabric

The microdispensing of the FSS geometries was performed using the DuPont
CBO028 silver conductive ink. It was previously determined that the lower viscosity ink
demonstrated conductivities higher than the comparable Methode 6130S when printed
onto fabric at low frequencies. Additionally, the microdispensing deposition method
does not apply pressure onto the woven fabric substrate. This prevents the lower
viscosity conductor from permeating into the woven fabric and improved conductivity.

Microscopy of the microdispensed FSSs are shown in Figure 5.5.

A

&2.0(” mm

Figure 5.6  50x Magnification of Methode 6130S silver conductive ink screen
printed onto Kapton polyimide. Spreading of the conductive ink on the
Kapton was observed.

The microdispensed geometries showed large inconsistencies when printing
small elements over large surface areas. The capacitive elements showed high rounding
of the corners and inconsistent deposition around the edges. Inductive printed
geometries showed improved slot resolution, but inconsistent printing with many breaks
and gaps in the printed FSS. The cross section microscopy of the finished composite

samples are shown in Figure 5.6.

76



DLO
L=1.408 mm

DLO

g S e
L=1.421 mm 23 T

c) d)

Figure 5.7  Cross section microscopy of the microdispensed composite FSSs. a) 50x
magnification of the capacitive microdispensed square element. The
composite thickness was notably thinner than the screen printed samples.
b) 200x magnification of the capacitive element shows significantly
thicker deposition of conductive ink at 124 um and pinching at the edges.
¢) 50x magnification of the inductive wire elements. Thick and thin areas

are representative of double printed overlap areas. d) 200x magnification
of the inductive wires.

The microdispensed conductors were significantly thicker, between 60-147 um,
than the screen printed counter parts. A clear boundary between the conductive ink and
the woven fabric is demonstrated by the sharp lines of the printed elements. Pinching of

the capacitive elements is also shown at the edges. Overlapping of the printed inductive
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surfaces resulted in a thick and thin depositions. Although the microscopy of the dry
microdispensed elements showed inconsistencies in the printed elements, it is apparent

from the cross sections that there is still a significant volume of deposited conductors.

5.4 Results

5.4.1 Measurement Setup

The material under test (MUT) was placed in a sample holder within an anechoic
chamber, pictured in Figure 5.9, lined with radar absorbing material to minimize
scattering. Dual focused beam antennas were mounted on linear translational stages and
spaced at a 30 inch focal distance from the MUT. The antennas were connected to an
Agilent E8364B portable network analyzer and were calibrated using a THRU open air

transmission.
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Figure 5.8 Focused beam antenna measurement system inside of a radar absorbing
anechoic chamber. The samples are placed in a sample holder connected
to a rotational stage at the 30” focal distance of the antennas. Antennas
are connected to a portable network analyzer and are swept from 26-42
GHz.
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5.4.2 Results: Screen printed FSS

The FSSs were measured at two different polarizations, 0° and 90°, relative to
the weave of the printed fabric shown in Figure 5.8. The influence of the woven fabric
produces an anisotropy in the conductivity and filter response of the capacitive FSS.
When the electric field was aligned with the long weave of the satin fabric, 90°

orientation, the transmission response of the FSS improved 4dB over the 0° orientation.
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Figure 5.9 Measured transmission response of the screen printed (SP) capacitive
FSS.

The screen printed inductive type FSS was also measured at two different

polarizations, Figure 5.9. Interestingly, there is no apparent polarization dependence of
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the FSS and shows good performance relative to the simulated FSS using a copper

conductor.
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Figure 5.10 Measured transmission response of the screen printed (SP) inductive
FSS.

5.4.3 Results: Microdispensed FSS

The capacitive type microdispensed FSS showed a similar polarization
dependence with a polarization difference of approximately 2dB, shown in Figure 5.10.
This polarization dependence was consistent with electric field alignment at the 90°
polarization as was seen with the screen printed FSS. The filter response was measured
to be lower than the screen printed capacitive FSS with a 6dB discrepancy at the 90°

polarization. There was a large inconsistency in the amount of conductive ink that was
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microdispensed between square elements. This would have significant impact on the

filter response and depth that was measured.
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Figure 5.11 Measured transmission response of the microdispensed (mDP) capacitive
FSS

The inductive type microdispensed FSS was measured to have a significant
polarization dependence as seen in Figure 5.11. A large shift in the maximum of the
band pass filter was measured between polarizations and an apparent increase in
bandwidth occurred in the 90° polarization relative to the 0°. The microdispensed
inductive FSS also was measured to have a maximum band pass response 1dB below
the screen printed inductive FSS. The reduced performance of the microdispensed FSS
is also conclusive of the inconsistent deposition of conductive ink influencing the filter

response.
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Figure 5.12 The inductive type microdispensed (mDP) FSS was measured to have a
significant polarization dependence

5.4.4 Results: Comparison of the Additively Manufactured FSS

A comparison of all the measured data of the capacitive and inductive type FSS
are shown in Figure 5.12 and Figure 5.13. The polarization dependence of the all the
FSSs is clear in all measured samples with the best resonance depth of the 90°
orientation. It is apparent that when the electric field is aligned with the length of the
satin weave, there is an increase in conductivity seen by incident radiation. The

consistent printing of the screen printing clearly performed better than the inconsistent

ink deposited by microdispensing.
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Figure 5.13 Comparison measured screen printed (SP) and microdispensed (mDP)
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Figure 5.14 Comparison measured screen printed (SP) and microdispensed (mDP)

inductive FSS
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5.5 Conclusions

In this chapter, an electromagnetic multifunctional composite was fabricated by
embedding two additively manufactured frequency selective surfaces within structural
composites. The two additive manufacturing methods, screen printing and
microdispensing, were compared against each other and the filter response of the
fabricated frequency selective surfaces were used as a metric to determine the influence
of the conductive ink at high frequencies, above 20 GHz. Screen printing of the lower
conductivity ink, although had a lower bulk conductivity, produced more consistent
geometries resulting in improved filter responses of both the capacitive and inductive
type frequency selective surfaces. The microdispensing, although used higher
conductivity inks, showed poor performance relative to the simulation and screen
printed surfaces. We can expect that the filter response of the microdispensed surfaces
can be improved by increasing the resolution of microdispensed geometries. In both
surfaces, an anisotropic behavior was observed in the filter response of the capacitive
type frequency selective surfaces. This can be considered and modeled as an anisotropic
conductivity that is dependent on the weave of the printed fabric. In future work,
improved microdispensing of the frequency selective surfaces and a model of the

anisotropy of the printed conductive inks on woven fabrics will be explored.
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Chapter 6
ADDITIVE MANUFACTURE OF EMBEDDED ANTENNA AND LOW
PROFILE GROUND PLANE

It was shown in [41] that the optimal stand-off distance of an antenna above a
conducting ground plane can be reduced by patterning the surface with a special texture,
also known as a high impedance surface (HIS). The design of this surface requires a
three dimensional network of conductors that is difficult to fabricate using traditional
subtractive methods. In place of milling and photolithography, additive manufacturing
(AM) fabricate structures layer by layer. Using multiple material AM, it is possible to
build a three dimensional network of conductors embedded within a solid structure
without sacrificing structural integrity.

In this chapter | present a low profile antenna, including an integrated high
impedance surface (HIS) ground plane, fully fabricated using multi-material additive
manufacturing (AM). It is shown that by combining standard fused deposition
modelling (FDM) with conductive micro-dispensing printing it is possible to realize
mechanically robust antenna systems that contain spatially variable dielectric properties
and intricate 3D conducting networks. To illustrate this capability a low profile antenna,
consisting of a standard 2.6 GHz half wavelength printed dipole, balun and AMC
ground plane, was designed, fabricated and experimentally validated. The various
dielectric constants implicit in these structures are usually multiple substrate layers with
different dielectric properties. This is replaced with a single thermoplastic material
where the dielectric constant is varied spatially by geometrically controlling the local
fill volume. The input impedance and radiation pattern of the fabricated antenna were

measured and compared to predicted results.
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6.1 Low Profile Ground Plane and Dipole Antenna Design

The gain of most antennas can be enhanced by placing a reflecting backplane, also
known as a ground plane, some distance, h, behind the antenna. The optimal position
for antenna above a conducting ground plane is A/4, such that the reflected energy from
the ground plane undergoes a full 2n phase cycle [36]. At low frequencies, the optimal
M4 distance becomes very large and unpractical for low profile structures. Sievenpiper
et. al. [41] showed that by replacing the conductive ground plane with a HIS it is
possible to create a much thinner antenna. The HIS reduces the minimum stand-off
distance of an antenna above a ground by having a frequency dependent reflection phase

that switches polarity and crosses a 0 phase point as shown in Figure 6.1
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Figure 6.1 Frequency dependent reflection phase of a high impedance surface. The 0
degree crossing point is considered the operational frequency.
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At the resonance frequency, the 0 crossing point, the HIS reflects incident radiation
consistent with a perfect magnetic conductor (PMC). This is also the reason why the
HIS is also known as an artificial magnetic conductor (AMC). It was recently found in
[42] that the optimal reflection phase is not necessarily at the O degree phase point and
is in fact dependent on the geometry of the antenna. Moreover, by including conducting
vias it is possible to block surface waves within a designed bandgap.

Following the approach described in [41] and [42] an edge fed parallel strip A/2
dipole and HIS were designed using Ansys HFSS. The dipole antenna was designed on
a dielectric material of 2.9 to represent a bulk polycarbonate material. The signal arm
was designed on the top surface of the substrate. The balun and ground arm of the
antenna are on the bottom of the dielectric. The total arm length of the dipole antenna
was designed to be 45mm. The antenna was also fed by a 50 ohm microstrip. The ground
plane of the microstrip was linearly tapered to act as a balun. The Si1 and the radiation

pattern are shown on figures 6.2 and 6.3 respectively.
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Figure 6.2 Simulated S11 of the freestanding dipole antenna with balun
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Figure 6.3 Simulated radiation pattern of the freestanding dipole antenna and balun
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Since its inception, numerous designs that behave as a HIS have been proposed
on a variety of materials including PCBs and textiles [41-46]. The design chosen for
this study was the original mushroom type structure proposed in [41]. The design
consists of an array of conducting squares connected to a continuous ground plane as
shown in Figure 6.4. The dimensions of the HIS were optimized to have a 90° reflection

phase at the operational frequency of 2.6 GHz shown in figure 6.5.

Via (not shown) Patch

Ground

Polycarbonate

° 20 gmeny

Figure 6.4 HFSS model of a unit cell of the HIS. Centered in the patch is a
grounding via connecting the patch and ground
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Figure 6.5 Simulated data of the frequency dependent reflection phase of the HIS.
The HIS was designed to have a 90 degree reflection phase point at 2.6
GHz as is consistent with the results in [37]

The final antenna design and material properties are presented in Figure 6.6 and
Figure 6.7. A bmm spacer was designed between the antenna and HIS to minimize
coupling the antenna and HIS. Because the material is fabricated additively, the
effective dielectric properties of the substrates can be controlled. The dielectric
constants of the HIS substrate, spacer layer and antenna layer were optimized and found
to be enis=1.75, espacer=1.5 and eantenna=2.9 respectively. As described in more detail
later, to realize these dielectric constants the FDM process was used to control the local

fill volume of a low loss thermoplastic (polycarbonate) material.
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Figure 6.6 Detailed view of the dipole with balun and the HIS.
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Figure 6.7 Exploded view of the antenna and high impedance surface configuration.
The antenna was printed on fully filled polycarbonate substrate. The
antenna and HIS were separated by a sparsely filled spacer with a 10%
fill for a low dielectric constant. The HIS was fabricated with a
controlled dielectric constant to tune the operational frequency of the
HIS.
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The full HFSS model is pictured in Figure 6.8. In the model, the antenna was
excited by a lumped port between the microstrip feed and the tapered ground. The
simulation was performed for the antenna in freestanding (no ground), 6mm above a
PEC, and 6mm above the HIS. The results are shown in figure 6.9. It is apparent from
the simulation results, that antenna Sy is seriously degraded when 5mm above a PEC.
S11 of the antenna when operating above the HIS experiences a shift and broadening in

frequency.

:
0 50 100 (mm)

Figure 6.8 HFSS model of the dipole antenna on the HIS

92



T }
O_ ....l-l.......... .
-10 1 L
o i
T 204 " i
= -
n 3 i
E = Freestanding Antenna
-30 3 = = = Antenna on PEC ]
E ooooooAntenna on HIS
L)
-40 - : 1
:
[]
[]
-50 ' '

1 2 3 4 5
Frequency (GHz)

Figure 6.9 Simulated S11 of the antenna in a freestanding configuration, 5mm above
a PEC, and 5mm above the designed HIS. The antenna over the PEC is
shorted by the proximity to the PEC . The antenna over the HIS shows a

shift and broadening of frequency, but maintains a good match at 2.6
GHz.

The gain of the antenna is pictured in figure 6.10. There is considerable
improvement in gain when the antenna is backed by the HIS with a maximum of 7.5dB

and no major side lobes.
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Figure 6.10 Simulated gain of antenna on HIS at 2.6 GHz

6.2 Material Characterization

As previously mentioned a FDM process was used to create all of the dielectric
components in the design. A polycarbonate extrusion material was selected as a base
material for its low loss tangent (tan & = 0.0006) and relatively high dielectric constant
(er = 2.9). A clear non-pigmented plastic was used due to reported results of
pigmentation having significant effect on the dielectric properties [42]. To achieve the
other dielectric constants required by the design the volume fraction of polycarbonate
to air was varied spatially. This allows us to realize any effective dielectric constant

between air and the polycarbonate. The exact relationship between volume fraction and
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dielectric constant was determined experimentally. Here test plates of the material were
printed at 15%, 30%, and 50% volume fill fraction and the dielectric constant was
measured using a free-space focused beam measurement system.

The data was analyzed and found to fit a modified Maxwell-Garnett mixing

formula:

28pc(epc—¢&qir)+ Epc+ 2€4i
geff - galr alr alr (6.1)
2&qirtepctOpc(Eair— €pPC)

where et IS the effective dielectric constant, €.ir and epc are defined as the
dielectric constant of air and polycarbonate respectively, and dpc is the volume fraction
of the polycarbonate material. It should be noted that to achieve a smooth print surface
of metallic elements we capped all dielectric volumes with a thin solid sheet of
polycarbonate. This slightly modified the Maxwell-Garnett fit, as shown in Figure 6.11,
where the solid blue curve refers to the adjusted properties when the capped surfaces
are included. The adjusted Maxwell-Garnet provides a predictable rule governing the
effective dielectric properties. Using this curve we found that volume fractions of 10%,
30%, and 100% were needed to match the desired dielectric properties of 1.5, 1.75, and
2.9 respectively. For printing of conductive elements we used the commercially
available Methode 6130S silver ink. The conductivity of this ink after curing was
measured to be 1.3 x 10° S/m within the frequency band of interest. It should be noted
that this is approximately an order of magnitude less conductive than bulk copper and

will result in a reduction in antenna efficiency.
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Figure 6.11 Comparison of the measured dielectric constants of the test slabs versus
the Maxwell-Garnett curve. The printed caps on the test slabs increased
the effective dielectric constant of the slabs. A modified Maxwell-Garnett
curve was determined to predict the measured dielectric constants.

6.3 Measurement and Results

The final fabricated part is shown in Figure 6.12. Here a 3.5mm end launch SMA
connector was attached to the antenna feed. Using an Agilent E8364B vector network
analyzer the scattering parameter, Si1, was measured in a freestanding setup (no
ground), above a baseline continuous conducting surface, and above the fabricated high

impedance surface
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Figure 6.12 Fabricated antenna with embedded conductors between substrate and
printed spacer on the HIS.

Inspection of the measured results, shown in Figure 6.13, show good
freestanding antenna radiation at the designed frequency (2.6 GHz). The antenna also
showed a standing wave at frequencies above 3 GHz. This is most likely due to a small
warping of the printed ground arm of the antenna on the polycarbonate. The chemical
solvent of the silver conductive ink reacted with the polycarbonate over time, causing
the material to warp slightly. Faster sintering of the conductive ink minimized the

warping on subsequent prints.
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Figure 6.13 Comparison of the measured and simulated antenna Si1 in a freestanding
configuration

The S11 of the fabricated antenna on a copper ground plane and the HIS is
compared in Figure 6.14. As predicted, antenna performance is significantly reduced
when placed flush with a bulk conducting ground plane (i.e. S11=-6 dB). In contrast,
the antenna remains relatively well matched (i.e. S11< -14 dB) when placed above the
HIS. It should be noted that the optimal antenna placement above a continuous metallic
ground plane is approximately 28.8mm (i.e. A/4) at 2.6 GHz. The total thickness of the
low profile antenna, including spacer layer, dipole layer and HIS layer, was 11mm. This

equates to a stand-off distance of less than A/8.
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Figure 6.14 Comparison of the measured S11 of the antenna in a freestanding
configuration (no ground), above a copper ground plane, and above the
fabricated HIS

Radiation properties from the antenna above the HIS were confirmed by
measuring the radiation pattern, pictured in Figure 6.15, using a near field scanning
system (NSI, Inc, model NSI-700S-75). While a reasonably good match with predicted
radiation patterns was observed, there was a distinct broadening of the measured 3 dB
beam width — particularly, in the E-plane. This is likely due to increased material loss

from the use of the silver conductive inks. In fact, HFSS simulations predict an overall
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antenna efficiency of 85% for the printed sample compared to 94% for an identical

antenna fabricated using bulk copper.
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Figure 6.15 Comparison of the measured and simulated beam widths of the antenna
above the HIS at 2.6 GHz.

6.4 Conclusions

In this chapter, | demonstrated the ability of multi-material AM to fabricate a
mechanically rigid low profile antenna including all metallic and dielectric features. |
also demonstrated how spatially varying dielectric properties can be achieved through

controlled geometric deposition of materials at specific volume fractions. The final
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antenna was measured and showed good radiation properties with a reasonably close
match to predicted performance. Multi-material AM is a powerful new tool for rapid

prototyping of new concepts and exploring new antenna designs not realizable using

standard fabrication processes.
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Chapter 7

CONCLUSIONS

7.1 Summary

A new fabrication method for manufacture of electromagnetic multifunctional
composites was explored. Multiple discrete electromagnetic devices were demonstrated
functioning embedded within a structural composite by conductive screen printing and
microdispensing. The increased attenuation of printed microstrip transmission lines was
determined and an effective conductivity value was extracted relative to the number of
repeated screen printing passes. In addition, conforming of the printed inks was
determined to increase the electrical path length of printed electronics. Detailed
metrology was performed on the printed conductors. Overlapping of conductive ink,
variations in thickness, and voids were all found to ultimately affect the effective
conductivity of the printed microstrip transmission lines.

A mechanical study of the embedded conductive inks within a structural was
performed. It was found from a 3 point shear test that an approximate 30% reduction in
mechanical shear strength occurred when a continuously printed ground plane was
embedded about the midplane of a glass composite. There was also a 5% reduction in
delamination resistance of a continuous printed ground plane when measured by a
floating roller peel test.

The second device demonstrated was a conformal load bearing patch antenna.
The antenna was modeled to operate at the GPS L1 (1.575 GHz) frequency band with
an axial ratio below 3dB at 1.575 GHz. The antenna was printed with a higher
conductivity, lower viscosity DuPont CB028 silver ink using a nScrypt 3Dn-300

microdispensing printer. The high repeatability of the microdispensing printer allows
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for quick design turnover and prototyping. Two subsequent antenna designs were
fabricated. Both antennas were measured to have a shift downward in frequency from
ink spreading and increased antenna patch geometry. Optimization was performed on
the antenna model. It was determined that conductivity of ink when microdispensed on
the woven glass fabric had a higher conductivity than previously measured with screen
printing.

The third devices presented were an inductive and capacitive type frequency
selective surface. A square type band stop and slot type band pass filter were
demonstrated within a structural composite substrate at the Ka-Band. The performance
of the printed frequency selective surfaces were compared to that of microdispensed
frequency selective surfaces. It was determined that although the screen printed
conductors are of a lower conductivity, the consistency of the screen printed samples
over the entire surface area produced better filter responses and resonances over the
microdispensed counterparts. Additionally, an anisotropy of the printed conductors was
discovered when printed on woven fabrics. The filter response of the frequency selective
surfaces improved when the electric field was aligned with the long bundles of the satin
weave fabric, producing an anisotropy of the conductivity seen by incident radiation.

The fourth and final device shown in the dissertation was a low profile antenna
with corresponding low profile ground completely fabricated by multi-material additive
manufacturing. The antenna and high impedance surface ground plane were fabricated
by a single nScrypt 3Dn-300. Multiple dielectric properties were fabricated by spatial
controlling the geometric fill of polycarbonate. The antenna was measured and found to
have improved radiation characteristics above the high impedance surface when

compared to a continuous ground.
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7.2 Future Work

In this dissertation, multiple discrete electromagnetic devices were designed,
fabricated, and characterized within a structural composite. The area of multifunctional
composites would benefit from the integration of multiple instances of the demonstrated
devices within a single composite laminate. For example, communication arrays with
multiple antennas or polarizing elements embedded above linearly polarized antenna
elements. Additional studies can also be performed on the structural material used, such
as varying glass weaves and resin. The structural impact determined in this dissertation
should be thoroughly investigated. One solution to the structural degradation from
interlaminar continuous printed surfaces can be replaced by sub-wavelength slotted
ground planes. Finally, many composite structures must conform to some complex
geometry. Therefore, a study on the draping of printed fabrics would greatly benefit the

field of scaled multifunctional composite
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