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1. ABSTRACT

One of the most important challenges faced by the DoD is agility on a changing battlefield.
Many times we are only a step ahead of foes, and solutions presented to the warfighter need to
address these rapidly evolving threats. This demands agile and rapid manufacturing and design
which will enable open architectures that permit rapid prototyping; mission specific
reconfigurability; material tailoring for specific applications; efficient small lot productions;
better systems, faster and cheaper; modularity, complexity combined with flexibility, and a
shortened supply chain. Additive manufacturing (AM) and 3D prototyping are a potential “game
changer” and have important implications to the DoD as seen by the significant investment by
the Federal government through initiatives such as NNMI (America Makes). Rapid prototyping
can be seen as the seamless thread from design to manufacturing to maintainability that will
enable rapid modernization for technological agility. AM technology has advanced considerably
in the commercial sector with new materials like thermo-plastics, metals, and photopolymers that
have been optimized for a specific additive process. But, much work is still needed to develop
and optimize the materials and additive processes to adapt AM to demanding military
applications. The challenge is not simply to apply existing AM techniques, but also to develop
new materials, AM processes, design methods and corresponding intellectual property through
demonstrations that show the utility and viability of AM based solutions specific to DoD needs.
In this paper, we aim to develop a roadmap for 3D Rapid Prototyping of electromagnetic (EM)
Structures and Devices. Pursuant to this goal, we perform a systematic review of the types of EM
phenomena and applications, design methodology and various 3D rapid prototyping techniques
used for such fabrication. We also look at some of the existing limitations of 3D rapid
prototyping for EM applications and identify a roadmap where 3D rapid prototyping can bring
disruptive advancements to the field.

2. INTRODUCTION

Engineering design, development and manufacturing processes have evolved from bulky
infrastructure built to deliver specific products to a much more flexible paradigm in recent years.
This need is driven by shorter product lifecycles combined with diverse models and variants that
are required to meet customer demands. This has resulted in manufacturing flexibility
requirements that demand shorter development cycles with an emphasis on low cost (yet high
quality) and repeatability over large quantities. An obvious example is the smart phone market
where a new model is introduced every week with updated features and even new form and
functionality. Thus, engineering considerations now include capacity to develop and introduce
field-tested new products to the market quicker using existing facilities. This has prompted
tremendous growth in the development of rapid prototyping and manufacturing processes [1, 2].
While most efforts have focused on the manufacturing aspects (mechanical form and function) of
rapid prototyping, fewer have considered the potential that these new fabrication techniques have
to develop specific materials and devices that are tailored to elicit the electromagnetic (EM)
outputs required from a system [3].

Historically, device and systems engineering have followed a unidirectional transfer function
(Figure 1) from the material properties that are available in nature to the system characteristics
that can be derived from devices that are based on this limited set of materials. The flow can be
thought of where the first stage is to choose models that describe the natural material (e.g.
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crystallography). Next a model such as a Taylor series expansion or exciton model is developed
to derive the material parameters of the media, and finally EM theory is applied to study the
device characteristics like wave propagation, scattering, etc. that can be obtained from this
material [4]. The devices are then integrated into a system to give an overall performance that is
usually at least slightly different from the theoretically predicted characteristics since the limited
range of available material parameters dictates the practically demonstrated outputs. The quest
for understanding and controlling the material properties has focused on the properties of the
bulk material which can be changed by altering the chemical structure or composition of a
material. For example, alloys can provide mechanical strength; conductivity in semiconductors
can be controlled using carrier concentration that can be varied using dopants. These efforts have
contributed significantly to the progress of science through the accessibility to the range of
materials available with varying electromagnetic, structural and mechanical properties. However,
these efforts all assume a given atom or molecule, and that is the constraining limit.

Natural .
m aterials e Study Calculate
choice and mOET device system
| moﬂ els parameters properties properties

Optimization

Figure 1: Traditional forward flow for designing systems with desired function

The ultimate goal would be to work in the reverse direction (Figure 2) where the system
characteristics would determine the wave propagation and manipulation (e.g., negative group
velocity, minimized scattering cross-section, etc.) needed from the material which in turn would
derive the material parameters [5]. The final step in the process would be to develop
experimental methods to synthesize the engineered medium using the calculated function. This
approach would involve not limiting the scientist to the intrinsic chemical properties of the
constituent materials where the fixed bonding structure determines the bulk properties that are
then manipulated for device characteristics. Instead, artificial structures would be used to operate
like atoms in a traditional material where the geometric and structural properties of these
“atoms”, controlled through design, would determine the interaction with EM waves yielding
physical properties and EM behavior that would be unattainable using naturally occurring or
chemically synthesized materials [6].
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System Define Derive Design
charact. device material artificial
needed properties parameters materials

Figure 2: Future flow for designing systems: reverse from traditional method

In this review, we focus on theoretical methods and fabrication processes that can be used to
design and practically implement complex EM structures. We begin with an overview of
theoretical methods including analytical, optimization and transformation optics that can be used
to design EM materials and devices to tailor the performance of the wave propagation or
behavior needed for the application. Further, these methods can be used to define the exact
geometric structure needed to realize the media and analyze how tolerant the defined media is to
fabrication deviations. Next, we discuss the major fabrication methods that can be used to
implement these materials and structures such that the features defined range from the macro- to
the nano- scale and can be used in systems applied to operational wavelengths ranging from the
radio frequency (RF)/microwave regime to the optical domain. We then discuss possible field
applications, advantages of such a “bottom-up” method where the building blocks of matter can
be defined and manipulated precisely to build larger systems rather than the traditional “top-
down” methods where product construction is limited by the available intrinsic material
parameters [6]. We conclude the article with future directions on both the design of new devices
and media as well as suggestions for existing materials and fabrication techniques to improve the
capabilities with respect to cost, size, weight and performance that are currently available.

3. PROGRESS HISTORY OF ENGINEERED EM MATERIALS

This review primarily deals with EM materials and devices. So what does EM response mean? It
defines how an EM wave (composed of electric and magnetic fields) is affected as it impinges on
and consequently reflects off and/or passes through and interacts with the given material or
device. The two basic material parameters that lead to these effects are permittivity related to
electric field interactions and permeability related to magnetic field responses. The electric and
magnetic responses are mutually dependent as seen from Maxwell’s equations and can be
spatially and temporally varied as well as nonlinear [7]. Conceptually, from an engineering
perspective, one can think of the simple analogy where EM structures are to EM waves what
circuits are to current and voltage. For example, a typical passive circuit offers control of the
voltage and current of the supported guided modes. Similarly, EM structures can be used to
manipulate incident and scattered waves in terms of direction and polarization as a function of
space. Such control may allow the eventual implementation of arbitrary effective electric and
magnetic current, and the physical manifestation of a Huygen source. There are several systems
that rely on engineered EM devices and systems. These include functionality enabled by
anisotropic or inhomogeneous media and metamaterials [8]. Specific examples of devices
include antennas in the RF regime and photonic/electronic bandgap devices across frequency
domains. Some of these devices and structures are discussed below.
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The first area of application for these materials that has been explored in the context of EM
engineered structures is small antenna design. Conventionally planar (2D) or wire (1D) antennas
are employed which can be reduced in two dimensions at most; but, since they do not take into
account volumetric considerations, these designs are not optimal for size reduction. 3D antennas
that can fill or conform to arbitrary 3D shapes may provide the solution to
maintaining/improving antenna performance while simultaneously reducing size [9]. 3D antenna
designs with associated benefits were explored in detail by Chu [10], Wheeler [11] and
Harrington [12] with refinement by Thal et al [13]. 3D antenna design can be broadly classified
into (i) Conformal designs where the application limits the thickness of the antenna (e.g. antenna
placed on aircraft fuselage need to be lightweight and aerodynamic); and (ii) 3D volumetric
designs where the available cavity can be filled to desired thickness. In either case, careful
consideration must be given to radiation pattern, gain, bandwidth, impedance and polarization,
all of which directly impact the performance of the antenna or antenna array.

Complex EM structures are often composed of small physical features or individual constituents
that are arranged in a periodic manner akin to atoms in a crystal lattice where individual cells
interact with incident or propagating waves in a prescribed manner. One class of such periodic
structures that has received much attention in the past is photonic bandgap (PBG) or electronic
bandgap (EBG) structures [14, 15]. These periodic structures have been used to enable
characteristics such as filtering including stop-bands, pass-bands, etc. Ideally, EBG devices are
3D periodic arrays of geometric structures that prevent the propagation of EM waves for a given
frequency band at all incident angles independent of polarization. In practice, however, partial
bandgaps are observed which cover limited incident angles [16].

Yet another area of application of these materials is inhomogeneous and/or anisotropic media.
While some of these properties are commonly found in nature in the optical regime due to
bandgaps that correspond to these wavelengths, the molecular resonances required to produce
these effects at RF and microwave regimes are not found in nature [17]. Artificial materials can
be designed to have spatially precise geometric properties that can be used to change the bulk
material properties such as dispersion and anisotropy that can be effectively used to manipulate
phase, polarization, wavefront and even time/phase symmetry [18]. Spatial variance of geometric
features can be used to exploit directional phenomena and make the lattice structures
inhomogeneous in the bulk material. Careful design is required to implement such macroscopic
inhomogeneity so that the geometry of the individual unit cells that constitute the lattice is not
deformed and the overall performance is maintained [5]. Traditionally, such designs are
constructed using inherently lossy metals which limit their applicability in practical systems.
Additionally, metals are not conducive to high power and high temperature applications due to
concerns of excessive heating, changes in chemical reactivity, arcing, etc. Dielectric-only
designs can be used to circumvent these issues, but typically designs based on these materials
have weaker interaction with incident fields [8]. Therefore, the designs that have the requisite
dispersion and anisotropy characteristics to produce the same behavior as their metallic
counterparts are very complex and often have 3D geometries [19]. These structures are difficult
to manufacture using conventional technologies such as planar printing of layers that are then
stacked. Such structures find application in systems used for wavefront engineering, beam
steering, devices, etc. [5]
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The aforementioned structures are just some examples of the research and application areas for
engineered EM materials. In past work, these structures have been fabricated using metal-
dielectric layers where the features are defined using focused ion beam milling (e.g. fishnet
patterns) [20], standard micro-/nano- lithography processes that are based on optical or electron
beams. Most of these processes pattern single planar layers that then have to be stacked using
sophisticated alignment techniques to produce 3D EM structures [21]. Thus the fabrication of
truly 3D media is difficult and time-consuming and especially challenging in the optical regime
where precise patterning and alignment of nanoscale features is needed [22].

Additive manufacturing processes such as 3D printing of macroscale features and multi-photon
lithography for nanoscale attributes have been extensively researched in the context of rapid
prototyping and manufacturing for a wide range of industries such as defense, medical,
automotive and aerospace [23, 24]. Lesser emphasis has been laid on utilizing these techniques
for building EM devices and structures. Recently, the field of engineered EM complexes has
received much attention with the constant demand for lighter, cheaper, and faster turnaround
technology. Several reports have documented the use of additive manufacturing to fabricate 3D
EM devices, including gradient index lenses [25, 26] at both microwave [27, 28] and optical
frequencies [26], and radio frequency lenses that attain resolution beyond the diffraction limit
[29, 30]. These methods may be utilized to construct 3D EM designs [31, 32] that incorporate
non-planar geometries and material inhomogeneity [33]. The entire process of designing,
fabricating and characterizing these devices and structures is discussed in the next sections along
with recent examples of applications of such media in practical systems.

4. THEORETICAL METHODS TO DESIGN EM MEDIA/DEVICES

Engineered materials and artificially constructed structures considered in this paper are analyzed
by electrical, optical and RF engineers using EM field theory and models derived from it. The
responses derived from these models can be then fed back into analytical, optimization and other
design methods such as transformation optics to tailor the response of the designed media to the
application. Two dominant phenomena that are considered in most of the models are: (i) Spatial
dispersion: This results from the effect of neighboring point such as adjacent structures on a
given point in a material. This directly influences the material polarization giving rise to a non-
localized EM response such that the medium response varies with the direction of propagating
waves; and (ii) Temporal dispersion: This describes the frequency dependence of wave-matter
interaction and shows that the response of a medium at a specified point in time depends not only
on the properties of the incident radiation at that time but also on past points. Both effects have
been used to design and demonstrate interesting media such as chiral engineered and artificial
magnetic materials[34]. While several simulation tools such as finite element method and finite
difference time domain methods can be used to model the response and design such structures,
we focus on the basic methods that are used within these models. They can be broadly classified
as transformation optics design, analytical methods, and optimization techniques.

A popular method that can be used to design artificial EM materials is transformation optics
(TO). While this method has been primarily used in the context of metamaterials, the basic
concepts can be easily translated to the design of other artificial materials that enable the control
of EM waves [35]. TO is a design methodology that allows control of wave propagation by
accurately designing EM properties (permittivity and permeability) that define the space within
which EM waves travel [36, 37]. An engineered EM device or media can be visualized using TO
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by warping space so that waves propagate along a predefined path determined by the local metric
[38, 39]. The warped space is related to the original/real space by a coordinate transformation
(Figure 3). Since Maxwell’s equations are form-invariant under a geometric coordinate
transformation, it is simply a renormalization of the permittivity and permeability tensors that
specify the EM material properties of the designed medium [40-42]. Numerous publications exist
on using the TO method to transform passive space to demonstrate interesting devices such as
cloaks, beam shifters and concentrators [41, 42]. Recently this methodology has been researched
in the context of spaces that contain current or charge sources (e.g. generation/detection of
electromagnetic waves). Such designs could enable practical devices such as arbitrary shaped
antennas that radiate as if they were shaped differently like simple dipoles [43-45]. This would
allow an engineer to consider mechanical form without compromising EM performance. While
theoretically TO vyields devices with very interesting behavior, experimental demonstrations of
TO-based devices has been challenging since most of these transforms results in highly
anisotropic material properties that vary continuously over a wide range of values. Practical
fabrication techniques require these continuous material values be discretized. One method that
has been used to demonstrate viable laboratory prototypes of media designed with TO is
optimization. In the particular example of the cloak, optimization has been shown to not only
give simpler material parameters using homogenous shells but also better performance [46].

Y~ .
L‘". \\‘u
Figure 3: Depiction of the Transformation Optics (TO) methodology where (a) shows a field line
in free space in Cartesian coordinates, and (b) shows the distorted field line with the coordinates
distorted in the same fashion. A ray-tracing program has been used to calculate ray trajectories in
the cloak, assuming that R2 >> . (c) and (d) show the classical electromagnetic cloak example
where TO was applied to calculate the fields. (c) and, (d) respectively show 2D cross section and
3D view of rays diverted within the annulus of cloaking material to emerge on the far side
undeviated from their original course [41].

Simple numerical optimization techniques have been widely applied to a variety of science and
engineering problems and are most effective with a well-defined objective function that seeks
maximum/minimum over a limited parameter space using a set of constraints [47, 48]. Ideally,
the algorithm finds a global optimum and the problem is considered solved. However, a
theoretically optimum solution may not be the most robust or stable [49]. Fabrication tolerances
and deviations can adversely affect the device performance and thus a pareto front solution, that
may not have the best performance but is more stable with parameter uncertainty, may hold the
key to physically viable implementations [50]. These techniques have been explored in the
context of antenna and antenna arrays as well as micro-/sub-millimeter wave components. In
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these practical design applications, it is not uncommon to deal with multi-objective functions
where the goals may be conflicting and a tradeoff must be made to strike a balance. In such
cases, global optimization computational methods such as genetic algorithms and particle swarm
optimization can be considered [28]. For example, in filter design, the optimization function is
multi-objective and is a weighted sum that balances bandwidth, ripple and rejection ratio.

Once the device/media is designed, the next task is to characterize, model and predict the
behavior of the designed structures. Several methods have been applied to the understanding of
artificial engineered devices and media [51] with the most basic being the same methods used for
designing EM structures and arrays such as transmission line theory and EM field theory [52].
Periodic media that are resonant structures can be analyzed using transmission line theory where
the material properties including permittivity, permeability and refractive index can be modeled
using the “LC” resonances which also determine the polarizability of the material [53]. The
overall bulk material properties of a complex EM medium, made up of constitutive element
whose parameters are controlled through careful geometric design, can be derived using
homogenization methods. In addition, analytical models for polarizability of antenna structures
have been widely explored [54]. These models can be applied to study bianisotropic, nonlinear
and other complex materials [55]. Numerical methods like method of moments are applied to
solve these formulations.

In complex EM materials, the material properties are derived from closely spaced electrically
small constituent elements with minimal spatial dispersion. In such materials with specific
engineered geometrical, mechanical, and EM properties, the focus is on deriving the constitutive
tensor description of the material properties that define their overall behavior. To that end,
constituent elements should be electrically small: the elements and inter-element spacing have to
be small with respect to the propagating wavelengths in the corresponding directions within the
effective medium. For equivalent materials with no propagating waves in particular directions
(anisotropic/indefinite), the elements should be small with respect to the free-space wavelength.
In order to be effectively applied in devices and systems, the material has to be characterized by
constitutive tensors such that in a simulation and modeling scenario, if the EM material is
replaced by the equivalent material with the appropriate constitutive tensor, the performance is
comparable. The goal is to be able to use the macroscopic description of the material and apply it
to describe the cumulative electromagnetic behavior of the material using Maxwell’s equations
shown below:

where z and = represent the constitutive parameters, i.e. permeability and permittivity

respectively. Various mixing models have been developed to solve the effective dielectric
parameters of composites. These historical models are based on effective medium theory and
continue to be widely used today. With the advent of precise control of material parameters
through improved fabrication processes, these methods are attracting much interest in new
applications such as metamaterials and engineered complex media. In these applications, digital
control of material properties can be implemented using fabrication methods such as additive
manufacturing techniques. In this context, mixing formulas and constitutive parameter retrieval
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provide insight into how bottom-up design via geometrical and material property manipulation
can be used to control material parameters with much greater flexibility than previously possible.
It should be noted that the effective permittivity and permeability is different from the host
medium as well as the electrically small inclusions. This can be primarily attributed to scattering
which results in the average electric and magnetic fluxes being different from the properties of
the host medium when it does not have any inclusions. There are several methods to derive the
effective constitutive parameters. We will limit the examples to those where the unit cells can be
reasonably defined.

Consider a classical mixing case with spheres in a host medium. For a volume scattering medium
containing n spheres per unit volume, the polarization vector is related to the exciting field by
P=naEe, Where E. is the exciting field and « is the polarizability of the sphere. One can thus
1+2na/3s

arrive at the Clausius-Mossotti relation: e =¢
1-nal/3¢

}Where e is the background

permittivity. Casting it in a symmetric form, we have:

Eeff — € & —&

=fS=f—=——
Eeff T 28 &g +2¢&

where f is the fractional volume, «,is the permittivity of the sphere.

While this approach is very effective in the majority of complex materials, in some cases, the
mixing formula can introduce unwanted resonances. This is especially obvious when the
background medium consists of plasma with frequency below the plasma frequency and the
inclusion is a lossless medium with positive real permittivity. When the fractional volume is
small, the Bruggeman formula can provide more insight:

&1 — Eeft £2 — Eeft
St f ==0

fy 2
& + 284 Ey + 284

Where f,+f,=1 , andg, ¢ are the corresponding permittivity values of the constituent
materials. The permeability of the effective medium can be calculated similarly. Although these
formulas are not universally applicable, they provide a simple mathematical basis for engineered
digital EM materials and are useful for simple inclusions such as spheres, where the geometry of
the inclusions is isotropic.

In many EM materials, irregularly shaped inclusions such as the split ring resonators are used.
When the periodicity of the unit cells forms a simple non-overlapping lattice structure such as a
tetragonal quasi-crystalline structure, numerical methods such as field averaging can be used to
determine the effective material parameters. Consider a cubic lattice starting at the origin with
period p as a special case of the tetragonal quasi-crystalline structure. Discretizing the frequency

domain Maxwell’s equations with time convention e such that
VxH =-iwD
VxE=iwB
are applied to each sampled grid cell with size, for the D, and B, components, we have

DISTRIBUTION A (96TW-2016-0091)
8



%Hz—a— , = —iaD,
z

0 0 .
—E,——E, =ieB
oz ox ° y

Consider an Eigen-solution with the wave vector in the z direction, the electric field and flux in
the x direction, and the magnetic field and flux in the y direction. Applying Stoke’s theorem and
integrating over the surface of the first unit cell for the electric and magnetic flux on the yz and
Xy plane respectively, we have

jdy[H (0.9,0) = Hy (0.y,0)] = 109D, 05 0.2, 2)
j B[, (0,d) ~ Ex (x.0.0)] = 10p°B, 1y (2.0, 2)
0

The co-located averaged electric and magnetic fields can be calculated based on:
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The permittivity and the permeability in the x and y directions can be found form the ratio of the
co-located averaged flux and averaged fields:

Dx,avg (g 0, g)

o= p_p
Ex,avg(*!ov*)
By g (0 P p)
Hy :—
Hyaig 07 P p)

Conversely, one can retrieve the medium parameters based on numerical simulations or
measurements. The task would then be to retrieve the effective constitutive parameters (e, x) of a
slab of the electromagnetic material from the measurement of S parameters. The retrieval process
should ideally be independent of the slab thickness, yield continuous functions of parameters
with respect to frequency, and satisfy the physical requirements for passive materials. Upon
successful retrieval of the constitutive parameters, the frequency range where retrieval results
can be used for propagation, scattering, and radiation problems need to be carefully identified.

In order to retrieve the effective permittivity and permeability of a slab of metamaterial or
complex engineered medium, we can characterize it as an effective homogeneous slab. In this
case, we can retrieve the permittivity and permeability from the reflection S,; and transmission

S,, data calculated from the numerical simulations or obtained via measurements. For a plane
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wave incident normally on a homogeneous slab of thickness d with the origin coinciding with the
first face of the slab, S;;is equal to the reflection coefficient, and S,, is related to the

transmission coefficient. The S parameters calculated from the numerical simulations can be
used to retrieve the constitutive parameters. In particular,

74 (1+51,") — Sp”
(1-51,°)-S5.°

pikd _ (1_3112 + 5212) i\/(1_5112 +5212)2 —45212

where there are two sets of consistent solutions for (Z,e*®). The permittivity and permeability

can be found from the impedance and propagating factor. In the expression, k denotes the
wavenumber of the wave in the medium and Z is the impedance of the medium. When this
method is used to retrieve the effective parameters (index of refraction, impedance, permittivity,
and permeability) of EM materials from transmission and reflection data, additional attention is
required in the following: determination the effective boundary of the medium, and instabilities
due to the noise contained in the scattering parameters where the retrieved parameters at some
specific frequencies are not reliable. With the mixing formulas and the retrieval method, basic
digitally designed EM materials can be effectively modeled, optimized, and characterized.

5. RAPID PROTOTYPING OF ELECTROMAGNETIC MEDIA DEVICES

Prototyping and laboratory/factory demonstration are integral parts of the product development,
maturation and manufacturing process. The manufacturing industry has gone from prototypes
made by skilled craftsmen that had long lead times to rapid prototyping that produces accurate
parts from CAD models in a few hours using a completely automated process. There has been a
significant interest both by government and private industry in application of such processes with
the vision of reinvigorating manufacturing in the United States [56]. This interest has spurred the
exponential growth in development of fabrication techniques with varied capabilities such as
different materials (varying structural and mechanical properties) to resolution (providing a
range of feature sizes) [24]. In the context of EM devices and media, these techniques can
instead be applied to realize different devices that offer electrical and magnetic properties that
can be altered from pure dielectrics with a wide range of refractive indices to conductive
materials, all of which can be patterned and molded into geometric structures of macro-/micro-
/nano- size features depending on the resolution of the fabrication method [31, 32, 57]. The same
advantages of short turnaround time still apply in the research arena. Conventional research
paradigms that use ‘material’ to ‘function’ flow can be slow where the specific natural material
is studied and characterized [58]. Often, the optimal material for the application with respect to
EM behavior is not discovered; design and rapid prototyping methods that change this research
flow to ‘function’ to ‘material’ offer a great alternative to this process as shown in Figure 1 and
Figure 2 . The research of natural materials, however, still continues to contribute to the research
field even in the case of rapid prototyping, where material science can enable new fabrication
abilities (e.g. nanoparticle loaded polymers that can be ink-jet deposited enable unique plasmonic
fields in a device) [59]. Prototyping processes can be classified into two classes: (i) Subtractive
manufacturing: used in traditional fabrication and involves removal of material by methods such
as drilling on a macroscale and lithography on a micro/nano scale; (ii) Additive manufacturing:
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newer technology where a 3D object can be made based on a predefined digital model [24, 60].
Examples include 3D printing on a macro-scale [16, 57] and ink-jet deposition of nanoscale
structures [31, 56].

In this review paper, we will focus on additive manufacturing processes and their application to
the field of EM structures and engineered media. AM encompasses a variety of techniques that
can be used to build structures from a digital model and is often referred to as 3D printing. Most
AM techniques are layer-by-layer processes in which thin layers of materials are deposited
according to an input digital file. The National Additive Manufacturing Innovation Institute
(NAMII) lists the following as benefits of AM: shorter lead times, mass customization, reduced
parts count, more complex shapes, parts on demand, less material waste, and lower life-cycle
energy use [56]. For defense applications, the tailoring to specific applications as well as ability
to manufacture with little investment in infrastructure directly translates to reduced cost. There
are several additive manufacturing processes, proprietary machines and methods that are
currently in use. Most of these methods can be broadly classified into categories that share
processing similarities. The ASTM International defines seven categories in the Standard
Terminology for Additive Manufacturing Technologies [61] as following: (i) Binder jetting:
liquid bonding agent is selectively deposited to join powder materials [62]; (ii) Directed energy
deposition: focused thermal energy (e.g., laser, electron beam, or plasma arc) is used to fuse
materials by melting as they are being deposited [63]; (iii) Material extrusion: material is
selectively dispensed through a nozzle or orifice [64]; (iv) Material jetting: droplets of build
material (e.g. photopolymer and wax) are selectively deposited [65]; (v) Powder bed fusion:
thermal energy selectively fuses regions of a powder bed; (vi) Sheet lamination: sheets of
material are bonded to form an object [66]; and (vii) Photopolymerization: liquid photopolymer
in a vat is selectively cured by light-activated polymerization [61]. Most of the applications
discussed below use material jetting, material extrusion or directed energy deposition processes,
but any of the other categories of fabrication methods can be adapted to achieve the same
structures. The methods serve as a means to produce the unique EM behavior in a quick
prototyping environment while providing the precision needed for the structures. As long as the
resolution and available intrinsic material properties fit the applications, we believe that any of
the processes can be easily adapted to the structures discussed below.

5.1 Macroscaled features

We begin the discussion with structures that use micron-sized or larger features which can be
used as engineered materials in the RF/microwave and longer wavelength regimes and for
devices within the geometric limit at optical frequencies. This stems from the fact that a micron-
size cell still has subwavelength dimensions at RF frequencies and thus an array of constituent
unit cells can be modeled as a bulk medium with cumulatively representative EM properties that
affect the waves impinging on it or passing through it. In the optical regime however, the size of
such structures would be large compared to the wavelength of light and thus they behave like
devices rather than materials. Both regimes are discussed with representative examples of
materials and devices.

In the microwave regime, fabrication of EM structure and devices is traditionally carried out
using patterned dielectric substrates that may be partially or fully coated with a conductive
material. Many of the engineered media applications in this regime, have been demonstrated
using a stacked approach where unit cells such as the double fishnet structures are periodically
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arranged to form an array and then stacked with precise registration to act as a 3D material. In
the more complex metallized designs in both 2D and 3D media, we see the use of printed circuit
boards emerge as the prototyping solution of choice, combining material removal through
machining and etching with material addition by soldering and plating. Some examples of 3D
media are shown in Figure 4. A large number of existing 3D designs have been assembled from
multiple PCB layers to increase dimensionality [67]. While attempts have been made to make
advances to 3D structures using planar techniques in combination with through vias and stacking
with alignment, the processes described are still planar methods and have their inherent
drawbacks.

For example, strongly chiral media [68, 69] for circular dichroism or large anisotropy [70] is
difficult to achieve using layered structures. Some publications have researched the use of
multilayer stacking approach [71] where a structure is fabricated using lithography, planarized
and then subsequent layers fabricated using interlayer lateral alignment but practically the
number of layers that can be successfully stacked has been restricted [56, 72]. Truly bulk 3D
media have been also demonstrated with such stacking techniques although they are restricted to
certain propagation directions and/or polarization [73]. Most of the currently demonstrated
designs are very thin materials which in the wavelength of operation act like a monolayer of
atoms and suffer from high losses which make them unviable options in practical devices [33].
The biggest challenge lies in implementing such structures as large-scale materials that are thick,
or 3D with low losses.
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Figure 4: Examples of 3D metamaterial structures (a) Double-fishnet metamaterials, (b) Chiral
metamaterials via stacked electron-beam lithography, (c) chiral metamaterials made via direct-
laser writing and electroplating, (d) hyperbolic metamaterial, (e) metal-dielectric layered
metamaterial composed of coupled plasmonic waveguides, (f) 3D split-ring resonators, (g) wide-
angle visible negative-index metamaterial, (h) Connected cubic-symmetry negative-index
metamaterial structure, (i)Metal cluster-of-clusters visible-frequency magnetic metamaterial, and
(1) All-dielectric negative-index metamaterial composed of two sets of high-refractive index
dielectric spheres arranged on a simple-cubic lattice [74]
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Additive manufacturing techniques may be used to fabricate such structures and also fulfill the
requirement of reduced losses by enabling the construction of more complicated 3D designs that
can be either purely dielectric or metal-dielectric. The 3D materials and devices that will be
presented in this section primarily used extrusion deposition, material jetting, and powder bed
fusion during fabrication. Two sets of materials are usually employed; one for the part material
and one for the support material which provides stability during the build but breaks away easily
without surface damage after the part is complete. The common polymers used for part synthesis
range from optically transparent to opaque materials in a variety of colors with varying
mechanical properties that provide the user flexible rubber-like as well as rigid materials
depending on the application. The support material is usually a softer substance that can either be
removed using a wet chemical etch or water pressure. The following provides a brief description
of some of the commonly used processes. Extrusion deposition is also known as fused deposition
modeling where a movable head deposits a thread of molten material for a 2D pattern through an
extrusion nozzle which is turned on/off by a computer-aided manufacturing software package to
print the design defined by a CAD file [24]. Metals or polymers can be shaped using this
process. Another set of fabrication methods employs material jetting. This class of processes is
very similar to ink-jetting in two dimensions; part and support material is jetted through nozzles
to build a 3D object that is defined in a software file. Most of these systems support a wide range
of polymers, and geometrically complex structures are enabled by the use of both build and
support material. The build material can be a photopolymerizing resin that is cured using
ultraviolet light in conjunction with a CAD model. The gaps in the cured polymer are filled with
the support material which is a wax or gel-like substance that is added after every raster scan
during the build. This material is washed off after the build and allows the user to build
challenging structures such as overhangs or protrusions. Another AM fabrication technique that
is used to fabricate EM structures is selective laser sintering, where granules of base material are
fused together to make a part in a layer-by-layer fashion adding granules that are fused as the
part is built up. The unfused material acts as a support to fragile structures during the build.
Polymers, ceramics and metals can all be patterned using this process [24].

Finally, we present some pertinent examples that illustrate the applicability of AM processes
described above to the design and fabrication of complex EM materials and devices. We begin
with materials and devices for application in the RF regime that have been fabricated using AM
processes. All dielectric complex media offer potential to overcome prohibitive losses that are
presented by metallic resonators used in RF EM media and metamaterials. However, as
mentioned before, they interact weakly with waves and hence require more complex geometries
such that their dispersion and anisotropy is well engineered. One example of such media was
presented where the EM media was designed using plane wave engineering method and square
and hexagonal arrays optimized to be uniaxial in three dimensions (Figure 5). The samples were
fabricated with polycarbonate using fused deposition molding, and the measured material
property tensors agreed well with the theoretical models [8].
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Figure 5: (a) Manufactured anisotropic metamaterial, (b) Measured dielectric tensor of material

in (a) [8]

The next category in the context of RF devices is printed 3D components. Antennas have
remained the center of research as capacity needs increase with multimedia data and size
constraints are tightened [75], especially in applications such as satellites [76] and mobile
devices where size and weight are critical [77]. 3D antennas provide design flexibility needed in
such systems by allowing the designer the ability to work in a volumetric space, not just 2D
planar area using non body-of-revolution and asymmetric configurations [78]. This gives the
designers more control over antenna parameters such as radiation patterns, gain, polarization and
aperture efficiency as well as the flexibility to explore alternative antenna geometries [79] that
meet some given mechanical performance while maintaining EM performance [80, 81]. One
such antenna that was recently demonstrated was an electrically small spherical wire antenna
with a radiation quality factor close to the physical lower bound [73]. The antenna was fabricated
in plastic using 3D printing and then metalized using conductive paint in a post-processing step.
Such a design would be very difficult to fabricate in any other way. Other tools for manipulation
of radiation are microwave lenses and reflectors which can be used to modify phase of a
wavefront as desired [26, 82]. They can be used to perform such functions as obtaining
asymmetrically flared beams using line sources, or combinations of the two elements can be used
to produce pencil beams.

In this regime, lens design and fabrication requirements are far more forgiving than in the optical
domain where surface imperfections can lead to severe aberrations. This allows the use of soft
thermoplastics such as polystyrene instead of glass which lends itself perfectly to AM fabrication
techniques. Microwave lenses can also be made from metal plates such as those used for phase
correction in sectoral horns. Therefore, lenses at RF wavelengths can be fabricated using
homogenous or spatially inhomogeneous dielectric material, where traditional optics dictate the
geometry of the lens, or selective/full metallization. In a recent publication, our research group
demonstrated a 3D graded index lens designed to operate at X-band and fabricated using a
polyjet rapid prototyping method to fabricate to implement the effective medium [82]. The GRIN
lens (Figure 6 (a) and (b)) with radially varying refractive index gradient showed a focus of
~18cm as designed and was built with isotropic, inhomogeneous dielectric material using mixing
ratio of air/voids and a polymer which dramatically improves size and weight of currently
focusing lenses with homogenous refractive index that are curved. The unit cell geometry chosen
for this lens was a square dielectric with a varying center void volume of 0-97.3 mm? defined by
the extremes with no hole at one extreme (solid dielectric block unit cell) and the other extreme
with the largest hole dimension dictated by the minimum thickness that can be fabricated
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depending on the strength of the chosen dielectric material and the printer resolution (hollow unit
cell with thin walls) [29].
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Figure 6: Examples of lenses fabricated with AM (a) GRIN lens fabricated using 3D printer. The
fill factor decreases radially outwards and the voids are visible in the unit cells as you approach
the periphery of the lens, (b) Results of 3D electromagnetic simulation of a homogenized 3D lens
(with actual unit cells) carried out in HFSS: electric field shows focus at location of 25 cm, [29]
(c) Experimental setup, the Luneberg lens is fed by an X-band waveguide mounted to the surface
of the Luneberg lens, (d) Measured radiation pattern of the Luneberg lens at 10 GHz [83]

Min et al also used a polymer jetting rapid prototyping process to fabricate a 12 cm diameter 3D
Luneburg Lens designed for the X-band based on the mixing ratio of air voids and a polymer
(Figure 6 (c) and (d)). The lens had individual unit cells that measured 5 mm?* where polymer
was surrounded by air voids. The half-power beam width and gain of the lens were 14° and 18
dB respectively, and no obvious side lobe is found above the noise floor. This design showed
significant cost advantages with a more convenient and faster fabrication process compared to
traditional Luneburg lens. Another lens that has been demonstrated using rapid prototyping is a
plano-concave lens built from a 3D self-supporting metamaterial structure with a negative
refractive index between 10 and 12 GHz, low loss, recognizable focus and free space gains
above 13 dB. The lens that was metallized using post-processing after 3D printing had
dimensions were 255x225x40 mm? with a frequency dependent focal length of 6-10 cm [83].
These examples show the efficacy of using AM processes to fabricated RF components with
micro- and macro- scale features with lower weight, size and cost while improving/maintaining
EM performance.

While the previous section focused on microwave components where some of the individual
features had subwavelength dimensions for that frequency range, this section focuses on devices
designed for the optical frequency bands with macroscale dimensions and can thus be described
using the Eikonal approximation or ray optics. 3D printing methods are being used to design and
manufacture solutions for light propagation, focusing and manipulation. In these applications,
sensitivity of the optic to imperfections can lead to wavefront distortion and aberrations.
Advances in AM processes can produce high quality structures that do not require post
processing steps such as polishing, grinding and coloring to produce optically smooth and full
color devices. A recent demonstration of optical grade lenses used UV-cured polymer jetting to
create optical components for light emitting diodes (Figure 7 (a-d)) [57]. A high resolution
piezoelectric print head is used to deposit discrete drops with interspersed delays which allows
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for better surface wetting and diffused surface tension delivering complex, optical quality
surfaces without post processing steps such as polishing. Since each shape or lens that can be
fabricated using the high resolution print technology used by LuxExcel consists of several tiny
droplets, symmetrical as well as “freeform” structures (Figure 7 (e) and (f)) can be made that
would be very difficult and expensive to fabricate otherwise [84].
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Figure 7: Custom optical elements fabricated with 3D printing. Such elements embedded in
interactive devices, opening up new possibilities for interaction including: unique display
surfaces made from 3D printed light pipes (a) Novel internal illumination techniques, (b) custom
optical sensors, (c) embedded optoelectronics, (d) Mechanical structure of an interactive device

(similar to (c) [57], (e) 3D printed lenslets and printed optics, (f) Customized 3D printed lens
array [84]

In addition to lenses, mirrors, prisms and beamsplitters can be emulated using clever design that

utilizes air voids to guide and manipulate similar to the structures presented in the RF
components section. Other interesting structures can be made by combining materials with
different refractive indices to guide light using total internal reflection or blocking transmittance
of light in sections using opacity at certain wavelengths to minimize crosstalk and noise due to
energy leakage. An example from the first category where an air volume is encompassed by a
polymer is a light pipe which is commonly used to guide light from point to point similar to an
optical fiber but for much smaller distances. Typical applications are displays, sensors and
optical platforms where light pipes are combined with optoelectronics and lenses to shape an
emitted beam and control its directionality [57]. AM processes allow arbitrary geometries to be
created in a single print job without mechanical assembly, chemical bonding or fusing with heat,
all of which add a manufacturing step and may compromise strength of the part.

5.2 Nanoscaled Features

Next we move the discussion to nanoscaled features which are primarily useful in application
from the THz to optical frequency regimes. The applications of such devices and media include
photonics, high speed information processing and storage, microbiology, surveillance, energy
harvesting, defense technology as well as sensing platforms to name a few [85, 86]. The structure
of materials and the intrinsic properties that describe the cumulative behavior of media in the EM
domain centers on basic wave-matter interactions. As fabrication techniques continue to advance
and enable submicron scale structures, the prospect of tailor-made materials properties become a
reality at the appropriate operational wavelengths by exploiting geometrical elements and
defined symmetries. Traditionally used methods to fabricate these devices are based on layer by
layer deposition in conjunction with lithographic techniques, such as electron beam lithography,
to define the features [87]. These methods have been very successful in creating 2D patterns on
the micron and nanometer scale and have allowed the extension of Moore’s law and leaps in
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computational power. The fabrication of 3D structures using these methods requires cumbersome
and sometimes inaccurate registration schemes for stacking which makes it challenging to
fabricate practical devices and also difficult to make truly 3D structures with anisotropic
properties like chiral media [88].

3D fabrication techniques are being developed to address this technology gap. These methods
can be classified into self-assembly [89] or construction based techniques. Self-assembly
techniques utilize thermodynamic forces to place components and build features into requisite
structures over large areas in a cost and time effective manner[90]. Structures manufactured
using these methods are fraught with errors that result from fabrication defects and are limited by
the achievable accuracy dictated by weak van der Waal type forces that are difficult to control
with high spatial precision [91]. In this paper, we will focus on construction based methods
which fall under the category of additive manufacturing. One of the advantages of using these
techniques versus traditional methods is the ability to fabricate arbitrary 3D geometries at the
nanoscale which allows them to be further applied to build functional micromachines in addition
to photonic components.

Figure 8: Microscale lenses fabricated with two-photon lithography (a) SEM image of a
fabricated conical lens with 80° apex (enlarged view in the inset), (b) SEM image of a fabricated
conical lens with 120° apex angle (lateral view in the inset) [92] (c) SEM image of optical
tweezers end facet, [93] (d) SEM image of miniaturized optical tweezers [94]

We will focus on 3D jet printing, two or multi photon lithography, and focused electron beam
induced deposition, which have been explored to fabricate devices and media with feature sizes
that beat the diffraction limit and can provide spatial resolution on the order of a few nanometers
(Figure 8) [95]. This section gives a brief overview of the processes that we will focus on. Inkjet
[96] and electrohydrodynamic jet (e-jet) printing uses thermal, acoustic or electric field energy to
pump pressure controlled inks onto a substrate through a capillary or nozzle [65]. The fine fluid
flow enables nanometer sized feature deposition at a relatively fast pace. The next technique,
focused electron beam induced deposition (EBID), is a direct-write lithographic process where
features are defined by scanning a gas-phase focused electron beam on a substrate. No
significant pre-or post-processing is required for this method, and since most of the instruments
employ electron microscopes, in-situ characterization of the sample is possible [97]. The
resolution provided is defined by the spot size or diameter of the focused beam which has been
varied from micrometers down to sub-Angstrom sizes [59, 98]. The next method that is often
used in 3D nanoscaled patterning is two or multi photon lithography [92, 93]. This method was
developed to overcome the depth resolution constraints of single-photon stereolithography [94,
98]. A photopolymer is radiated with near infrared light. Two photons are simultaneously
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strongly absorbed in a single event at the focal point in the photopolymer with a quadratic
intensity dependence which produces solidification and definition of features far smaller than the
diffraction limit. Arrays of 3D structures can be fabricated by scanning either the laser focus or
the sample. Some examples are shown in Figure 9.
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Figure 9: SEM of 3D nanostructures: Insets present the corresponding computed optical intensity
distributions. (a) 3D nanostructure patterned with mask 1 over a large area, limited only by the
size of the mask, (b) (110) cross-sectional view of the structure in (a), (c) Top view of the same

structure (red arrow points to an ~100-nm structure in width). Inset shows modeling (arrow
indicates the direction of polarization of the exposure light). (d) (100) cross-sectional view of a

3Dnanostructure formed with mask 1 and the filtered output of the 365-nm emission line from a
conventional mercury lamp. The modeling (inset), which assumes perfect coherence, accounts
accurately for the shape of this structure. (e) Structure generated with mask 2 and 355-nm light,

(f) Structure generated from mask 2 with 514-nm laser light. The top layer of this structure,
which is shown in the modeling, peeled off because of its thin connecting features to the
underlying structure, (g) Structure generated with mask 3, (h) Close-up view of tilted (100) facet
of this structure. The modeling in the inset corresponds to a cross-section cut through the middle

of the pillars, (i) Magnified view of top surface of this structure; inset shows modeling results. (j)
Bottom surface, inset shows modeling results. (k) Stack of sealed nano-channels made by using
mask 4. The polarization direction is parallel to line (arrow), (I) Magnified cross-sectional view,

inset shows modeling results [99]

There are several applications where these processes have been used. In the following sections,
we present some examples that demonstrate their efficacy in the photonic regime. We begin our
discussion with 3D photonic crystals [100, 101] which have garnered much attention in recent
years due to their potential application to develop thresholdless semiconductor lasers, single-
mode light-emitting diodes, ultra-compact low loss waveguides for high speed information
processing, etc. [102, 103] The biggest challenge in the development of these devices is the
precise fabrication required to build them which demands precise structural control in three
dimensions [104-106]. Two-photon lithography has been used to develop masks with
conformable elements [99] and molded reliefs that allow for nanopatterning by close contact
exposures using near fields [107, 108]. These masks were recently used to fabricate Si/air
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photonic crystals over large areas with high fidelity to the design geometries consistent thus
displaying properties that agreed well with theoretical results [102].

Further research on photonic crystals has explored ways to control and confine light in small
dimensions using functional defects that trap/emit light in precise locations which is very
desirable in optical computing and integrated optical processing [109]. Complex defect
structures can enable the control of light propagation through localization around the defect
which can also dramatically reduce emission lifetime [110]. Two-photon lithography [111] has
also been used to direct write defect structures in holographically fabricated 3D photonic crystals
(Figure 10). The combination of two optical lithographical techniques viz. holographic
lithography, which can provide coverage over large areas, and two-photon lithography, which
can fabricate defects of high resolution spatial placement and shape, leverages the advantages of
both methods to fabricate nanoscaled features over very large areas in a relatively short time
period [110]. One illustrative example shows light-trapping at 632nm based on a 2D hexagonal
lattice with a missing central pillar resulting in a micro-cavity on the surface of a SiO2 prism.
This structure creates a finely focused low volume light point source when excited by total
internal reflection illumination and could be potentially applied to single molecule detection
using a measurement technique like fluorescence correlation spectroscopy [109]. Previously
published work has demonstrated the use of two-photon lithography to create defects in photonic
crystal templates, such as a large area woodpile in SU-8 as well as dipentaerythritol
penta/hexaacrylate (DPHPA) with photoinitiator. In addition to multiphoton lithography, focused
EBID has also been effectively used to create 3D photonic crystals with predefined defects for
extreme light localization [110].

it

et TR

Figure 10: 3D printed photonic crystals with defect lines (a) Large area SEM image of defect
lines fabricated in holographic photonic crystal (PhC) template; (b) Enlarged view of SEM
image of defect line in 3D PhC template; (c) Defect structures in UTPA letters are fabricated in
3D PhC template. The height of letters is 0.7 mm as designed in the motion stage control
program [110]

Nanoscaled additive manufacturing processes have also been used for nanoscale object
manipulation, mask repair and fabrication of periodic arrays. Recently, a modified version of
EBID called liquid phase EBID was used to deposit silver nanoparticle arrays with high purity
by utilizing precursors without carbon/phosphorus based architectures which mitigate
undesirable impurities of organic and inorganic ligands (Figure 11). The geometry of the
nanoparticles can be changed by modifying the dose or beam astigmatism to tune the localized
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surface plasmon resonance. The particles demonstrated had diameters ranging from 55-100nm
which gave rise to resonance wavelengths from 550-600nm [59]. Nanodot and nanopillars have
also been fabricated into linear arrays for plasmonic waveguides using EBID where the metal
nanostructures were deposited directly by using an electron beam (ionization energy ~ 5-50 eV)
to dissociate metal from an Au precursor gas (Dimethyl Au (I1l) Fluoro Actylacetonate) in a
predefined reaction region on the substrate. The metallic nanopillars had sizes of 40-70 nm and
were spaced 15-30 nm apart to develop polarization sensitive plasmonic waveguides. Such
nanopillars have also been fabricated using electrohydrodynamic ink-jet printing which allows
for very high resolution nanoscopic placement. The third dimension is controlled by
autofocusing by local electrostatic field enhancement which enables very high aspect ratios.
Features sized down to 50nm have been obtained with aspect ratios of 4 in the third dimension
[112]. The polarization sensitivity is measured by recording the transverse and longitudinal
resonance spectra at 528 nm and 660 nm which agree with the theoretical predictions of 525 nm

and 700 nm [113].
!.

Figure 11: Nanoparticle arrays fabricated using electron beam induced deposition (EBID) (a)
SEM images of rod shaped Ag deposits created with a stigmated electron beam at dose of 50 pC
[59], (b) A 4 x 4 square nanopillar array, developed by FIB, at the tip of a 50 nm gold coated
multimode optical fiber. Each square has an edge dimension of 200 nm, (c) Nanopillars with an
elliptical cross-section (d) Dimer nanopillars separated by ~ 18nm (e) Au nanopillars formed by
FIB. SEM was taken at a 30 degree tilt (f) Pointed gold nanorods formed by employing FIB
milling [112]

In addition to metallic arrays, EBID has been successfully used to grow nearly pure, magnetic,
cobalt nanostructures (diameter ~30nm) with possible applications to nano-Hall probes using
arrays ~100x100 nm? and sensitivity in the range of 0.1 /T. Magnetic nanowires have recently
been suggested as candidates for 3D memory devices. 3D magnetic nanowires (Co2(CO)g) with
very large aspect ratios (~100) can been grown using EBID by combining the
micromanipulation, Kerr magnetometry and magnetic force microscopy. This research group
also demonstrated that individual nanowires can be magnetically switched using direct probing
by magneto-optical Kerr effect. The nanowires demonstrated (Figure 12) showed high purity,
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low roughness and functional magnetic properties. Two loop nanospirals and plasmonic
nanoantennas have also been demonstrated using EBID [114].

Figure 12: (a) and (b) Different views of a double loop nano-spiral, (c) Top view of a straight
nanowire, (d) and (e) Lateral view of nanowires grown at 0° and 45° respectively, to the
substrate plane, (f) Curved nanowire after magneto-optical Kerr effect measurements, The scale
bar is 500 nm in all images, except in (c), where it is 100 nm [114]

Other photonic components, complex optical media and metamaterials [7] have also been
designed and demonstrated using additive manufacturing techniques. One interesting
demonstration was that of 3D single wall carbon nanotube/polymer composites using two-photon
lithography. In this study, a femtosecond near infrared laser beam focus spot was scanned to
fabricate arbitrary shaped 3D nanostructures and nanowires with lateral dimensions as small as
200nm with good mechanical and electrical properties (Figure 13) that would lend themselves to
applications not only in photonics but also in 3D MEMS and NEMS [115].

Figure 13: 3D micro/nano structural SWCNT/polymer composites are fabricated by using two
photon lithography. The structures shown are a (a) 8 um long microbull, (b) micro teapot, (c)
micro lizard, (d)nanowire suspended between two microboxes, (e) magnified image of (d) and (f)
perspective view of the nanowire [115]

Metamaterials have recently been demonstrated in the optical regime [116, 117] with reasonably
low losses, but building 3D bulk metamaterials on a manufacturing scale remains a challenge
using conventional fabrication processes and stacking. One avenue to making these materials a
viable option in practical applications is additive manufacturing processes [118, 119]. Rill et al
have used 3D two photon lithography and silver shadow evaporation to fabricate a bianisotropic
negative index metamaterial (Figure 14 (a)) that shows a negative real part of the refractive index
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at A=3.85um [120]. Other than classic negative index media, 3D metamaterials have also been
used to design perfect absorbers/reflectors where a microstructured surface can be switched
between a perfect absorbing and reflecting state simply by changing the polarization of incident
light. The structures that were used in these prototypes consisted of 3D U-shaped resonators
(Figure 14 (b)) using two-photon lithography which are expected to dissipate the heat produced
in the absorbing phase easily [121].

(a)

1. 6/m | 1 Bjﬂm‘ 2. O/m

Figure 14: (a) Optical micrograph of standlng U-shaped resonator (SUSR) arrays with different
heights. The insets show FE-SEM micrographs of the SUSR unit in each array respectively
[120]. (b) Obligque—view electron micrograph of a metamaterial structure fabricated by direct
laser writing and silver shadow evaporation that has been cut by a FIB to reveal its interior [121].

Apart from photonic bandgap structures, many devices have been produced with nanoscale
precision using additive manufacturing processes. Atwater et al used two-photon lithography to
direct write microphotonic parabolic light directors (Figure 15) that exhibited strong beam
directivity with a beam divergence of 5.6 that agreed well with theoretical prediction based on
Eikonal limit and full-wave EM simulations. The biggest advantage of using this technique was
the ability to expose a well-defined 3D voxel on the nanoscale in a precise location determined
by the waist of the laser beam. While compound parabolic concentrators have been demonstrated
at the macroscale, this demonstration showed the efficacy of the fabrication method as well as
the device at a microscale using arrays of concentrators built on top of solid-state photonic
devices. The collimation properties of these structures could be used in controlling emission
from light-emitting diodes or even to improve the collection efficiency of solar cells/detectors
[104].

Figure 15: (a) SEM image of array of parabolic reflectors coated with silver; (b) SEM image of
single paraboloid; (c) plan view of single paraboloid with light transmission aperture visible at
bottom center; and (d) close-up of light aperture etched with a focused ion beam [104]
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Both complex media and devices discussed above exploited the advantages of additive
manufacturing processes to directly build their constituent structures. There are indirect routes
that additive manufacturing can be used to pattern and fabricate structures. For example, recently
a research group headed by S. Maruo used two-photon lithography to fabricate a 3D PDMS
template that can be used to replicate complicated 3D microstructures such as movable
microgears and microtweezers. Other than provide an alternate route to building soft-molds, this
process also helps expand the range of materials that can be accessed for patterning beyond
photopolymers and photoresists, while maintaining the resolution advantage of two-photon
lithography. To this end, the group used slurries of ceramic nanoparticles and beta-tricalcium
phosphate microparticles which were dried and sintered to fabricate a 3D ceramic
microstructure. Ceramics find applications in many systems where high mechanical strength,
heat resistance and biocompatibility are desired. Other combinations of polymer and
nanoparticles such as silica can be used to form optically transparent 3D microchannels that can
be used in microelectromechanical systems and photonics [122-124].

5.3 Conformal Structures

3D devices and media do not have to be relegated to the strict definition of freestanding or
stacked structures. Similar interesting properties can be obtained from materials or devices that
can conform to various 3D shapes, and in this paper we consider such structures as a class of 3D
media. A conformal structure is by definition a device or structure that conforms to a surface
shaped by considerations other than EM such as aerodynamic performance [125]. The purpose of
building conformal structures is to integrate them with the support so as not to change the
mechanical/structural properties [126]. For example integrating antennas into aircraft skin can
reduce drag of an otherwise mounted device and thus minimize fuel consumption [127]. The
need for conformal antenna arrays with radiating elements on the surface or a cylinder, sphere,
cone or a similar smoothly curved surface is important in large-sized apertures like satellites and
airborne radar systems where size, weight and EM performance all need to be carefully balanced
[128]. Other applications that can benefit from conformal devices include filters and other
coating-like structures in optical imaging where the field of view can be maximized with a
spherical shape [129].

The first example of conformal structures that will be discussed is conformal antennas and
arrays. Complex antenna arrays with non-planar geometries have been implemented in the past
using multiple layers or tiling schemes which may involve intricate and time-consuming
assembly steps [130]. Some designs based on canonical geometries have utilized directive
deposition through shadow masks [131] or flexible contact masks [132] to mitigate defects such
as folding, stretching and cracking that can result from a post-processing step [133]. Masks,
however, have been implemented successfully only in single curved surfaces such as cylinders
with an added restriction of patterning smooth elements. Direct writing processes, in contrast
with robotic styluses can trace curved patterns on complex surfaces. In these processes, metallic
ink is deposited in thin layers and therefore is time-consuming and restricted by the conductive
inks available [134-136]. Recently, a 3D conformal shadow mask was used for selective
metallization of antenna patch elements and feeds to form a 2x2 array on a doubly curved surface
(Figure 16(a)) with fully conformal metallic ground plane that operated at 4GHz [137, 138].
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Figure 16: (a) Conformal antenna patterned by sputtering [138], (b) Small spherical wire antenna
covered with conductive paint [73], (c) Optical image of an antenna during the printing process
[135]

A further step in a fully conformal design was demonstrated by the Lewis group, where
conformality not only helped adapt the antenna to a given shape but also helped to achieve 3D
electrically small antennas (Figure 16 (b-c)) that approached the fundamental limit for size
significantly better than rudimentary monopole designs [135, 139, 140]. The antennas were
fabricated by conformal printing conductive inks onto convex and concave hemispherical
surfaces in meander lines. Since this approach used direct printing, it can be rapidly adapted to
different designs, surfaces, applications and operating frequencies with the simple alteration of a
design file. This improves speed of design and adaptability relative to the mask technique where
a new set of masks is required for each design change. The particular design that was
demonstrated was based on the principle that antennas/sources placed in spherical volume
closely approach Chu’s limit, yielding bandwidth improvements compared to their linear and
planar counterparts. In this technique, the substrate is aligned and each antenna is printed on the
curved surface using metallic ink deposited through a micro-nozzle using a design file. After
printing, the antennas were heat treated to form highly conductive metallic traces [135, 136].

Antenna arrays are often coupled with lenses or filters that help to hone their response to the
desired frequency or radiation pattern needed for the application. Frequency selective surfaces
(FSS) or dichroics are used as filters, usually in frequency although sometimes they are applied
to the angular spectrum. Conformal frequency selective surfaces are commonly constructed of
periodic arrays of conductor segment or inverse surfaces with slots in conducting sheets and their
resonant interaction results in transmission that is dependent on frequency and orientation of the
incident EM wave with respect to the periodic structures. In the past, FSS prototypes have been
fabricated using planar manufacturing methods. Recently, a conformal FSS in the shape of a
paraboloid patterned with an array of cross-loop features was demonstrated using AM processes
and using electron beam deposition for a stop band at 12.5 GHz with a 30dB drop in power
transmission. The mask used to deposit the FSS features was fabricated using rapid prototyping
technique and could easily be extended to other complex surfaces and structures by printing
similar shadow masks using CAD designs and 3D printing [137].

Additionally, resonant structures have been demonstrated on simpler canonical surfaces with
micromachining, electrodeposition and soft lithography pattern transfers [141]. Another example
of a frequency dependent structure that was reported was a microwave X-band cloak. This
device was only about one wavelength thick and was fabricated using a stereolithographic
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polymer-based fabrication method. In the designed band, the shell eliminated the shadow and
significantly reduced scattering from a large cylinder for incident plane waves in free space
without the use of an immersion liquid or conducting ground plane [33]. It should be noted that
fabrication of passive structures such as those used in FSS, filters, beam steering arrays, cloaks,
etc. are comparatively simpler to design and fabricate than antennas, since there are no feed
network considerations and the individual elements may or may not be connected for routing
energy.

Similar research into printing components and media in the optical regime has also yielded
interesting results. While there are several methods to accomplish conformality, we focus here
primarily on nanomembranes (NM) since they lend themselves to various direct write methods
discussed above, can include a range of inorganic materials and conjugated carbon compounds
like graphene, and have been proved to be a very effective way to build both media and devices
[142, 143]. We begin the discussion with EM media and then move to devices. Optical
metamaterials have been fabricated to operate in the terahertz using electrohydrodynamic jet
printing on flexible substrates thus lending themselves to successful application in conformal
applications (Figure 17). The metamaterial demonstrated by this process was based on I-shaped
10um width, silver unit cells with 5 um gaps and lengths of 110um fabricated on a 5x5 mm
polyimide substrate. This material exhibited a high refractive index measured using terahertz
time-domain spectroscopy with a peak value of 22.19 at ~ 0.5THz [119].

Figure 17: Photograph of printed flexible metamaterial designed to operate in the THz range
[119]

Other than media, nanomembranes have also been used to fabricate flexible optoelectronic
components such as photodetectors and lasers [144]. This is critically important in the
advancement of flexible electronics and integrated circuits. Multiwavelength flexible
photodetectors fabricated on a plastic substrate using single-crystal germanium (Ge) membranes.
Visible photodetectors were grown using ion implantation by selectively doping Ge-on-insulator
substrate and were dry-printed in a lateral p-i-n configuration followed by an annealing step. The
photodetectors exhibited a quantum efficiency of 5% at 411nm and 42% at 633nm with -1V bias.
The low quantum efficiency is presumed to be due to shallow penetration depth and high
photocarrier recombination at surface traps which may be mitigated using surface passivation
[145]. In addition to detectors, sources such as silicon hybrid lasers have also been demonstrated
using NM technology by combining Si with 111-V gain media. Yang et al demonstrated I11-V
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InGaAsP quantum-well heterostructure vertical cavity surface-emitting laser single-layer silicon
sandwiched between photonic-crystal Fano-resonant Si membrane reflectors with multilayer
semiconductor NMs [146]. Waveguides using high performance SiNM on flexible substrates
have also been demonstrated with low propagation loss of ~1.1 dB/cm [147]. With many of the
integrated optics and photonics components prototypes built and tested using nanomembranes
with compatible material systems (Figure 18), this technology holds the promise of practically
realizing flexible photonic circuits [148, 149].

Figure 18: (a) Array of finished PIN diodes on a bent PET substrate [145], (b) and (c) shows
transferred I11-V InGaAsP quantum well heterostructure as the gain medium sandwiched
between single layer Si photonic crystal membrane reflectors using multilayer stacked
nanomembranes [146], (d) micrograph of 3x3 mm patterned nanomembrane transferred onto a
1x1” flexible PET substrate [148], (e) Image of fabricated photonic devices on Au coated PET
substrate, (f) photo of a prototypical flexible optical link [149]

6. CONCLUSIONS

In this review, we have discussed the recent advances in the field of additive manufacturing as
applied to EM structures, media and devices which have demonstrated the efficacy of using AM
processes and methods to increase performance, add unique capabilities and also reduce
time/cost when compared to traditional methods to fabricating these systems. The globalization
of technology has increased the speed of innovation throughout the world. Ventures in the
technical field, be it defense or industry, need to stay one step ahead of their competitors. This
demands agile and rapid manufacturing and the enabling of open architectures that permit rapid
prototyping tailored for specific applications, reconfigurability, efficient small lot productions,
modularity, and complexity combined with flexibility as well as a shortened supply chain to
enable better systems, faster and cheaper. Additive manufacturing and 3D prototyping is a
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potential “game changer” and has important implications as seen by the significant investment
by the Federal government through initiatives such as NNMI (America Makes). Rapid
prototyping can provide the seamless thread from design to manufacturing to maintainability that
will enable rapid modernization for technological agility. While AM technology has advanced
considerably in the commercial sector for manufacturing with new materials like thermo-plastics,
metals, and photopolymers, much work remains to be done to advance the use of these novel
processes and materials to breakthrough applications that will allow rapid advancement of
technical challenges from the factory to the laboratory environment.
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