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ABSTRACT The field of foldable and physically reconfigurable antennas has recently attracted signif-
icant interest from diverse scientific communities, including researchers on antennas, material science,
mechanical engineering and numerical modeling. Deployable, packable and multifunctional systems are
very important for many applications, including satellite communications, UAVs, CubeSats as well as
airborne and spaceborne communication systems. Foldable and physically reconfigurable antennas, par-
ticularly origami-based antennas, can provide new capabilities for the aforementioned applications. In this
work, we present emerging research on foldable and physically reconfigurable antennas. Such antennas
morph their shape to adapt and reconfigure their EM performance (e.g., frequency of operation, bandwidth,
polarization, beamwidth, etc.). Also, origami antennas provide ultra-compact stowage, easy deployment,
reduced weight, enhanced EM performance and multifunctional utility.

INDEX TERMS Antennas, electromagnetics, origami, reconfigurable.

I. INTRODUCTION

ECONFIGURABLE, tunable, multifunctional, deploy-

able, and ultra-wideband (UWB) high-performance
antenna systems are expected to play a significant role
in next-generation communication, reconnaissance, sensing,
energy harvesting systems for airborne, spaceborne and ter-
restrial applications. Towards this goal, in recent years,
significant advances have been made in: 1) antenna miniatur-
ization, 2) UWB antennas with as much as 10:1 bandwidth
or larger, 3) antenna reconfiguration using micro-electro-
mechanical systems (MEMS) and phase-change material
(PCM) switches, 4) antenna design with the use of frac-
tal geometries (e.g., [1]), 5) conductive textiles for flexible
antennas, 6) conductive inks and flexible materials, and
7) smart materials for actuation and sensing. Recently,
origami folding techniques have been used to develop
origami-based antennas, thereby creating a new class of

physically reconfigurable electromagnetic (EM) structures
that are easily deployable, efficiently packable, and oper-
ationally multifunctional. Origami-based designs have the
unique ability to morph (i.e., transform) 2-D manifolds
(not necessarily flat) into a continuous range of 2-D or
3-D shapes with temporal control via deterministic mech-
anisms thereby pioneering the development of rigid fold-
able systems. Therefore, origami antenna technologies are
expected to provide new capabilities to various systems,
including small Unmanned Aircraft Systems (UAS), drones,
airborne and spaceborne systems, small satellites (cubesats
and nanosats), deployable reflectors, and expandable recon-
figurable surfaces. For example, when origami antennas are
launched into space, they can be folded and stowed in
small compartments, and when they reach orbit, they deploy
into large apertures to communicate with ground stations
on earth (see Fig. 1). Also, origami technologies address
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FIGURE 1. Origami antenna technologies will provide new capabilities to future communication systems.

important challenges of traditional tactical antennas that are
heavy, bulky and static, by enabling the development of com-
pact/collapsible, easy-to-deploy, lightweight and carry/wear
reconfigurable antennas that increase the operational agility
and mobility of operators in the field.

Section II provides a brief review of origami and identi-
fies the mathematical challenges that are introduced when
the mechanics of real-life systems are modeled. Section III
reviews origami patterns used in mechanical engineering
applications, with the main focus being on mechanical con-
siderations of origami antennas. In Section IV a brief review
on origami antennas is performed, while in Section V we
present the evolution of our research on origami antennas.
Section VI briefly presents our recently introduced compu-
tational toolset for the design and electromagnetic analysis
of origami antennas. Section VII demonstrates the design
process and analysis of a novel origami antenna, which
is introduced here for the first time. Sections VIII and IX
present a summary of the key advantages of origami anten-
nas and identify important challenges that must be overcome
to fully realize their potential.

Il. REVIEW OF ORIGAMI

The practice of origami (interpreted broadly as “decorative or
functional paper-folding” has a deep history in Japan (from
which we get the name origami) and Europe [2] in various
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forms, e.g., napkin-folding [3], [4]. While the most well-
known forms of origami, such as the iconic tsuru (crane)
are primarily decorative, paper-folding with a functional pur-
pose has long been a part of the practice, ranging from
containers such as the Japanese tato [5], fan-folded codices
of Mesoamerican culture [6], privacy-preserving European
letter folds [7], and more.

The functional uses of origami (and folding in general)
often relate to a goal of size reduction and shape transforma-
tion of a fundamentally sheet-like medium (not necessarily
paper, as we will shortly see). This property of origami
takes on particular significance when it comes to structures
destined for space. Solar arrays, antennas, and optical com-
ponents are all large and sheet-like in their deployed state,
but must be reduced in size during launch to fit in the trans-
port rocket, a need that can be summarized as “small for the
journey, large at the destination.” If the object is made of
relatively stiff material (which is usually the case), then the
deformations must be limited to localized regions, e.g., folds.
For such objects and applications, folding patterns adapted
from the world of origami can provide efficient, effective
solutions for deployable structures and mechanisms.

One of the earliest space-borne origami structures was the
JAXA Space Solar Flyer (SSF) [8], a test of a deployable
solar array based on the now well-known Miura-Ori folding
pattern [9] [see Fig. 2(a)]. (Although the SSF was arguably
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FIGURE 2. Crease pattern and folded form of Miura-Ori.

the first distinctively origami-based solar array, Z-folded
solar arrays have been a mainstay of space solar con-
figurations for decades [10].) Other space-based/origami-
based optical structures include the Eyeglass [11], a
diffractive optical lens developed in the early 2000s, and
StarShade [12], [13], an occulter currently under develop-
ment at NASA/JPL. The field of space-based/origami-based
antennas is particularly rich; the introduction of the CubeSat
architecture based on quantized multiples of 10 c¢m cubes
created a particularly tight and quantitative bound on stowed
size, leading to a number of innovative solutions [14]-[22].

The field of deployable structures and mechanisms
includes families of mechanisms that go far beyond
origami—see [23] for a general overview—and origami-like
patterns include more than the traditional single-uncut-
square paradigm of traditional origami. Origami-adapted
and origami-inspired patterns [24], [25] can not only be
non-square (as they usually are), but also non-developable
(composed of surfaces with nonzero Gaussian curvature),
pointwise non-developable (containing vertices whose total
surrounding angle is greater or less than 2m), can contain
holes, and/or can be non-manifold (e.g., containing 3 or more
facets joined along a single fold). In broad terms, we can
say a form is origami-like if it

« is composed of sheet-like regions, called facets;

« which are joined along linear compliant regions, called
folds; folds meet each other or the boundary of the form
at vertices;,

e contains interior vertices, vertices that are not on the
boundary of the form.!

One of the earliest patterns considered for space and which
has seen ample application in the area of origami antennas
is the Miura-Ori pattern (see Fig. 2) already mentioned.
Although it was first described in a space/scientific con-
text by Miura ef al. [9], it has a much longer history; a
1959 patent by Hochfeld [26] shows a machine for pleating
whose output is recognizably the Miura-Ori pattern. It may
also be seen in the 1920s work of the Bauhaus group [27]
in fact, it can be seen in illustrations from Giegher [3]. The

1. This condition removes fan-folding/Z-folding from consideration as
“origami-like,” though they do contain folds. Many of the unusual proper-
ties (and challenges in design, simulation, and realization) of origami-like
patterns come from the presence and properties of interior vertices,
so we consider them essential elements to deserve the “origami-like”
characterization.
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FIGURE 3. Crease pattern and folded form of: a) Kresling, and b) Yoshimura.

basic doubly periodic Miura-Ori pattern can be characterized
by three quantities: two side lengths and one angle of its
build-block parallelogram. The concept, however, can be
generalized to a variety of 3D shapes by selectively altering
distances and angles within the pattern in one dimension,
resulting in a semi-generalized Miura-Ori [28]. With careful
control of the flat-foldability condition at vertices, two-
dimensionally varying (nonperiodic) patterns may also be
achieved [29].

Although a Miura-Ori can be trimmed to any shape in
the deployed state, its stowed state and the symmetry of its
motion is generally rectangular. A second broad family of
patterns has a deployment motion that is generally cylindri-
cal, and indeed, it takes the form generally of a triangulated
cylinder. Two common varieties are the Kresling pattern [30]
and Yoshimura pattern [31]; the former [see Fig. 3(a)] can
be viewed as a helical version of the latter [see Fig. 3(b)].
In both cases, the 3D forms are long cylinders; the stowed
form is a flattened version of the cylinder. Like the Miura-
Ori, this family of patterns has deep antecedents; it can be
seen, for example, in decorative cloth-folding going back
centuries (including in the sleeve of the Mona Lisa [28]).
With suitable choice of angles and dimensions, the Kresling
pattern exhibits tunable multistable behavior as shown by
Guest and Pellegrino [32]-[34]; by combining alternating
helicity and/or cuts, a wide variety of deployment motions
are possible [35], [36], many of which are adaptable for
origami antenna applications.

A third family of patterns has a deployment pattern that
combines rotary and radial deployment. Most commonly
called the Flasher pattern (after a family of origami designs
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FIGURE 4. Crease pattern and folded form of planar flasher.

by Lang [37]), its deployed form takes the form of a circle,
which collapses and wraps around a smaller cylindrical hub
(see Fig. 4). Like the other patterns, versions existed out-
side the world of origami; a 1974 patent by Scheel [38]
shows a wrapping device that uses the flasher pattern,
and a mathematical analysis was carried out by Guest and
Pellegrino [39]. A mathematical prescription for designing
flashers with the layers spread-out to accommodate thick-
ness was given by Zirbel et al., [40]. While most initial
work resulted in a flat circular disk in the deployed state,
the concept (and analytical technique of Zirgel et al.) can
and has been extended to result in non-developable surfaces
in the deployed state, such as paraboloids [41], realized as
parabolic reflectors for antennas. The Miura-Ori pattern can
also be realized in a radially symmetric form [42], which
offers the same radial/wrapping expansion and a cylindrical
stowed state, but has multistable deployment. Yet another
family of radial deployment patterns is based on the notion
of slip-wrapping [43]-[45], which includes cuts and wrap-
ping of flexible surfaces; this technique offers some of the
highest deployed-to-stowed size ratios yet demonstrated.

When it comes to mathematically modeling origami, there

is a rough hierarchy of approximation, with varying tradeoffs
between simplicity of modeling and accuracy in capturing
the physics and mechanics of the form:

o Zero-Thickness Model: The simplest modeling (which
can still be surprisingly complex) is the planar-facet
zero-thickness model, in which facets are treated as pla-
nar, folds are straight, and the full pattern can be treated
as a polytope of linked vertices, edges and faces (corre-
sponding, respectively, to vertices, folds, and facets in
origami terminology). Within this approximation, there
are two broad approaches: plate-based [46], in which
the facets are treated as rigid bodies joined by revolute
joints at folds, and truss-based [47], [48], in which the
surface is triangulated and isometry preserved by length
constraints on the edges.

o Thickness: A next step up is to accommodate thickness,
which in most antenna applications, is non-negligible.
The zero-thickness model can be used to approx-
imate mechanisms with non-negligible thickness by
treating the underlying structure as zero-thickness but
embedding it within finite-thickness slabs; this approach
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can be used to preserve kinematic behavior [49].
However, the thickness can also disrupt the kinematics
of real mechanisms, necessitating particular strategies
in design to model and achieve kinematic motion in
deployment. An overview of several approaches may
be found in [50].

o Curved Folding: “Curved folding” can mean two dif-
ferent things: first, that the folds themselves are softly
curved, rather than sharp; this can be addressed in
modeling by an extension of the plate model, by incor-
porating cylindrical or conical plates (see, e.g., [51]).
Second, the surfaces and folds themselves could be
curved. The modeling of curved folds and their
surrounding surfaces requires differential geometry;
folding-specific references include [52]-[56].

o Stretching and Bending: Although most modeling
assumes perfect isometry and (often) planar facets, real-
world materials deform; even something as simple as
the Miura-Ori exhibits deformation modes such as twist-
ing and bending due to bending of the facets; other
patterns exhibit compliance due to stretching or defor-
mations that can be modeled by stretching. In these
cases, truss-based models can be modified to incorpo-
rate strain energy associated with edge length changes
and/or flexing along diagonals of polygonal facets,
as well as strain energies associated with elastic and
inelastic deformations of the folds themselves [57].

Based on these mathematical models, several computa-

tional tools have been developed to facilitate the design and
modeling of origami structures for antenna applications.

o Origamizer [58]: A GUI-based program that can find a
development (unfolding) of most triangulated surfaces.

o Freeform Origami [59]: Interactive manipulation of the
vertices of a 3D form with real-time updating of the
2D development.

e Ori-Revo [60]: Generation of surfaces of rotation,
including paraboloids and other surfaces suitable for
antenna reflectors.

o Tessellatica [61]: A Mathematica package for the
design and analysis of a wide variety of origami forms.

o Origami Simulator [62]: A fast Javascript simulator for
folding a specified crease pattern into 3D.

e FOLD Format [63]: A file format specification and
suite of tools for importing, rendering, and translating
folded state descriptions among other formats, providing
interoperability between formats.

lll. ORIGAMI IN ENGINEERING

Origami principles have been used to create products in
a variety of applications. Some biomedical applications
include stent grafts [64], drug delivery [65], and micro-
grippers [66]. Origami has also been used in a variety
of space applications, such as solar arrays [67], inflatable
booms [68], and sunshields [69]. Consumer products bene-
fited by the inspiration of origami include a reconfigurable
light [70], a foldable pocket knife [71], and a collapsible
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FIGURE 5. Crease pattern and folded form of: a) Waterbomb array, and b) Square
twist.

stroller [72]. Mechatronic applications of origami include
a compactly-stowing quadrotor [73], as well as various
robots [74], [75].

Some of the most used origami patterns in mechani-
cal engineering applications as discussed earlier are the
Miura-Ori [76]-[84], the Yoshimura [84]-[87], the water-
bomb [84], [88]-[91], twists [92]-[95], and flasher pat-
terns [11], [67], [96]-[99].

The Miura-Ori (see Fig. 2) is a pattern consisting of
a series of degree-4 vertices and has a single degree of
freedom. This pattern is flat-foldable, rigid-foldable (panels
do not deform during deployment motion) and overcon-
strained [100]. It has a negative Poisson’s ratio, meaning
it expands in one direction while expanding in the other
direction when deployed [101]. It has been used in various
engineering applications, particularly for space applications.

The Yoshimura pattern [see Fig. 3(b)] is a tessellation
formed of adjacent, bisected, thombi. All folds on the edges
of the rhombi are mountain (or valley) with the bisection
folds being valleys (or mountains). When compressed, the
pattern folds in on itself. This pattern results from a buckling
of a cylinder when it is compressed axially [102]. Unlike
the Miura-Ori, this pattern does not have a single degree
of freedom, due to its degree-6 vertices which have three
degrees of freedom [94]. The Yoshimura pattern has been
used in pneumatic actuators [103], energy absorption [104],
and in the development of a barrel vault [105].

The waterbomb pattern [see Fig. 5(a)] is a degree-6 or
degree-8 vertex with each crease alternating mountain and
valley. The degree-6 vertex is 3 degrees of freedom mech-
anism [106]. The waterbomb pattern has been studied as a
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test-bed for programmable materials [107], for application in
worm robots [108], and as a deformable robot wheel [109].

Twists are patterns composed of a single central polygonal
panel with other panels formed by parallel lines extending
from each vertex of the central polygon [see Fig. 5(b)].
The shape of the central polygon (triangle, square, hexagon,
etc) determines the rigid-foldability of the twist [94]. Twists
have been used in applications such as conceal and reveal
systems [95], as well as for research into self foldability of
origami mechanisms [110].

Flasher patterns are a series of patterns that fold by rotating
gores about a central polygon; these gore panels end up per-
pendicular (out-of-plane) to the central polygon (see Fig. 4).
Flashers have been used for solar arrays [67] and diffractive
telescopes [11]. Flasher patterns are not strictly rigid-foldable
mechanisms, however, ways have been determined to create
rigid-foldable flasher patterns [40], [99].

Other origami patterns have been used as inspiration for
engineering work. Other prior papers have also reviewed how
origami has been used in engineering, including [111]-[113].

A. MECHANICAL CONSIDERATIONS OF ORIGAMI TO
ANTENNAS

Mechanical considerations that are important to origami
antennas include nesting, thickness accommodation, stability,
and deployment [114].

Thickness accommodation techniques are essential for
thick origami mechanisms to allow for the kinematic equiv-
alency of the thick mechanism to the zero-thickness model
or at least a similar motion and endpoints. When patterns
become thick, panels must nest inside each other, such as,
the case with the Miura-Ori. To preserve the rigid-foldability
of the panels while maintaining the range of motion, thick-
ness accommodation techniques allow for this nesting to
occur through the selection of appropriate techniques and
joints [50]. While each of these methods may produce desir-
able results, they must be considered in concert with how
each technique will affect the stability and the flatness of an
origami antenna.

In antenna applications, the stability and flatness of the
deployed mechanism is paramount. Research has been per-
formed to identify ways to maintain the stability and flatness
of a deployed origami mechanism. One approach to stabil-
ity is the utilization of hard stops, which can be deployed
from the thickness of the mechanism and allow the mech-
anism to lock in specific stages of deployment [115].
Regionally sandwiched compliant sheets (ReCS), with spe-
cific mountain-valley assignments, are used so that only one
fold path can occur, aiding in stability by eliminating bifur-
cation points [116]. If variability of position is required, the
stability of the joints must be adjustable. The use of shape
memory polymer (SMP) joints has also been explored [117].
The stiffness of these SMP joints was adjusted through the
use of a flexible embedded heater. Various kinds of com-
pact directional and frictional hinges in foldable mechanisms
are another potential option [118]. Each of these techniques
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can be used to improve the stability and flatness of origami
antennas. Other methods may also be valid.

In these applications, maximizing the deployed area rela-
tive to the stowed volume is important. This is accomplished
using thickness accommodation techniques and origami pat-
terns that adequately deal with the nesting of panels to
maximize the percentage of stowed volume used. For deploy-
ment, it is also important to consider how each antenna
will be fixed to the base structure, such as a CubeSat or
other satellite. Different types of connections may allow for
different types of deployment (symmetric, in-plane, etc.).
Additionally, the mechanisms that will be used to cause this
deployment need to be considered. Previous methods have
used inflatable trusses [119], magnetic actuation [120], fold-
able masts [80], and strain energy [97]. Each of these should
be considered on the basis of the volume that the deployment
mechanism will take, the need for energy input to actuate
the mechanism, compatibility of the mechanism with thick-
ness accommodation, stability, and flatness techniques used.
The mechanical design of deployable origami antennas is
a multi-faceted problem and the issues discussed here are
often highly coupled and need to be considered together.

IV. ORIGAMI ANTENNAS REVIEW

Our group has conducted significant research to pioneer the
development of origami antennas, e.g., [121]. Notably, our
research on origami antennas has used geometric origami,
computational tools and novel materials to demonstrate that
origami enables the development of new electromagnetic
systems with the following important capabilities.

1) 2-D and 3-D antennas that can morph their geometrical
shape to control performance parameters as a function
of time and achieve multifunctionality,

2) 2-D and 3-D antenna arrays that can change their
footprint, shape, and/or element separation to achieve
optimal beamforming, beamsteering, and scanning
range, and

3) reconfigurable frequency selective surfaces for tunable
and multifunctional antennas and arrays.

Fig. 6 summarizes the advantages of origami EM designs
using some of the designs that we have presented before.
The efficient packing of origami antennas is demonstrated
on the left of Fig. 6 using an origami reflectarray on a
CubeSat. This reflectarray can stow itself very compactly
and when it reaches orbit, it can deploy itself to provide
a large aperture. The easy deployment of origami anten-
nas is shown on the second column from the left of Fig. 6
using a four patch element array. This array can deploy itself
using a lamina emergent torsional (LET) hinge that can be
monolithically manufactured on a thick substrate with the
array [122]. The reconfigurability of origami antennas is
demonstrated on the third column of Fig. 6 using a foldable
loop antenna. This loop can fold itself at different states to
reconfigure its pattern. Finally, the ability of origami designs
to provide enhanced EM performance is illustrated on the
right column of Fig. 6 using a Miura-Ori frequency selective
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FIGURE 6. Advantages of origami antennas. From left to right: deployable
reflectarray mounted on a CubeSat, four-element patch array printed on a deployable
thick substrate, radiation pattern reconfigurability of a deployable loop antenna,
dual-band origami FSS.

surface [123]. This origami-inspired FSS transforms a con-
ventional single-band FSS design to a dual-band spatial filter
by applying the Miura-Ori origami pattern on the FSS.

In fact, our work has aimed to use origami designs
for antennas not only for packing purposes but also for
enhancing their EM performance. Specifically, frequency,
polarization, and radiation pattern reconfigurability can be
achieved by physically morphing EM structures. Notably,
origami mechanisms have unique advantages over other types
of deployable mechanisms. Specifically, origami mechanisms
have the ability to:

« create desired forms using planar fabrication processes,
and

« create mechanisms with a large number of moving parts
with a low number of degrees of freedom. What makes
a mechanism an “origami” or “origami-inspired” mech-
anism is the presence of interior vertices, or in different
language, coupled spherical mechanisms. This family of
mechanisms strikes a balance between the generic over-
constraint of general 3-D mechanisms and the generic
underconstraint of linear or tree-like chains. By using
origami mechanisms, we can achieve complex and/or
precise motions in shape-shifting elements with a rela-
tively small number of actuators, and thus a relatively
simpler control system for deployment and/or stowage.

Here, we briefly discuss important works on EM origami
designs, and in Section V we focus on the research that
our group has conducted on origami antennas. A pro-
grammable metamaterial was investigated based on ternary
foldable origami in the gigahertz regime in [124]. In this
design, four transformable modes were shown corresponding
to four different functions of electromagnetic reflector and
frequency-selective absorbers. In [125], Ng and Young intro-
duced a simple origami folding technique transforming a
planar 2D antenna to a 3D array of Vivaldi antennas
obtaining a gain of 8.27 dBi with circular polarisation.
Njogu et al., [126], presented dual-band inkjet printed planar
monopole antennas integrated with an origami flapping bird
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(crane) structure; specifically, two antennas were built, one
placed on the spine, and the other on the tail of the origami
crane, improving coverage on a traditional communication
system.

Furthermore, origami frequency selective surfaces (FSSs)
were studied in [127]-[129]. The focus of these studies
was on the selective transmission characteristics of folded
surfaces loaded with periodic arrangements of split-ring res-
onators, and the tuning abilities of these designs by changing
the folding states. Also, origami-inspired FSSs and their
frequency and polarization dependencies on folding states
were examined in [130], [131]. In addition, an origami-
inspired parabolic reflector antenna was introduced in [132],
and this work analyzed the effects of the size and shape
of origami tessellations on the radiation performance of the
reflector.

A smart shape-memory hinge, which can be fabricated
in a flat state and later be folded into a 3D shape through
heating, was presented in [133]. Specifically, the conductive
traces in this design were fabricated using inkjet print-
ing. Furthermore, a self-folding polymer, which responds to
light, was used to convert a monopole antenna into a patch
antenna [134]. In addition, a parabolic reflector antenna with
smooth folding was developed in [135] by combining shape
memory polymer (SMP) composites and self-folding origami
techniques.

A tunable origami structure loaded with electrical com-
ponents, which can be reconfigured over continuous-
state ranges from folded to unfolded configurations, was
developed in [136] using inkjet printing techniques. Also,
a thermally actuated multilayer FSS, which achieved a
continuous-range of tunability by using polyester-based sub-
strates, was presented in [137]. Moreover, a bi-directional
loop antenna on a single origami magic cube was designed
in [138], where a series fed array with a realized gain
of 5.53 dBi was formed using three cubes connected in
series.

Several works, [139]-[141], also combined 3D printing
with origami to develop antenna designs with very low fabri-
cation cost. Specifically, 3D printed reconfigurable antennas
were developed using liquid metal alloys and microfluids
in [139]. A tree model was introduced in [140] to reconfig-
ure the performance (frequency, polarization, and radiation
pattern) of antennas with liquid metal alloys (i.e., EGaln).
Furthermore, a 3D printed flexible and reconfigurable bow-
tie antenna, which could tune its operating frequency by
changing its apex angle, was introduced in [141]; in this
work, liquid metal alloy was used to prevent breakage while
folding.

A circularly polarized origami antenna based on orthog-
onally excited monopoles was presented in [142]; in
this work, simple origami folding was used to orient
two monopole antennas perpendicularly to each other and
achieve circular polarization. Also, a paper-based Yagi
Uda antenna was developed in [143] using three magic
cubes to form its driven, reflector and director elements.

1026

Moreover, a bio-inspired quasi-Yagi origami helical antenna
was developed in [144].

Several works have developed origami antennas for space
applications. For example, a deployable conical log spiral and
a quadrifilar helical antenna were presented in [145] using
special conductive traces (based on beryllium copper or phos-
phor bronze) that were supported by reinforced epoxy (based
on glass fiber or continuous fiber composites). More recently,
a deployable reflectarray for CubeSats using the origami
flasher geometry was proposed in [146], where PCB panels
were appropriately cut to enable folding. Another origami-
inspired reflectarray was designed in [147] using flexible
materials and strereolithography 3D printing technology. Few
works on origami antennas with thick substrates have also
been presented. Specifically, a foldable patch antenna array
on a thick 0.75 mm polypropylene substrate was developed
in [148] by scoring the Miura Ori pattern on this substrate
using a laser; however, this structure was able to fold only to
a specific extend due to the thickness of the substrate. The
work we presented in [122] solved this limitation by pre-
senting for the first time a thick origami based antenna array
that can fold/unfold for a range of 360 degrees without caus-
ing any mechanical or electromagnetic failures. Inspired by
our work on thick origami, a similar approach was followed
by Hwang et al., [149], who developed a planar deployable
dipole array that could reconfigure its radiation pattern from
an omnidirectional to a broadside directive pattern. Finally, a
microstrip patch antenna array on a thick foldable substrate
was presented in [150]; this design used the Miura-Ori pat-
tern, and the ground plane along with the feed network were
modified to enable folding.

An accordion-based ground plane for a tightly coupled
dipole array, and also a textile-based log periodic dipole array
were presented in [151]. Also, a textile-based origami dipole
antenna was developed in [152] using a conductive thread
and applying 7E—threads/mm density with 1E—threads/mm
at the creases to improve the foldability of the structure.

In the next section, we present the evolution of our
research efforts on the development of origami antennas.

V. DEVELOPMENT OF ORIGAMI ANTENNAS

Traditional origami assumes that the folding material has
zero thickness, and origami designs usually require mod-
ification when a finite thickness is added. Therefore, for
simplicity and to follow existing origami designs, our first
origami antennas were built on thin flexible substrates, such
as paper, and Kapton® [153], [154]. Two such antennas are
shown in Fig. 7. Specifically, Figs. 7(a) and 7(b) show an
origami Yagi-Uda loop antenna [155], and an origami bifi-
lar helical antenna [153], respectively. Both these origami
antennas provided reconfigurable performance in terms of
frequency by exploiting the folding/unfolding capabilities
of origami. Also, they provided comparable performance in
terms of input impedance matching and radiation efficiency
to traditional antennas.
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FIGURE 8. Multi-radii monofilar helical antenna operating at its three different

folding states covering respectively: a) GPS, b) satellite radio communications, and c)
WiMAX applications.

FIGURE 9. Gain of multi-radii monofilar helical antenna at its three different folding
states: a) GPS, b) satellite radio communications, and c) WiMAX.

Also, we presented the first origami multi-radii monofilar
helical antenna on paper substrate in [156], which oper-
ates in three different bands with circular polarization.
Specifically, two helical antennas with different radii were
embedded on a Kresling origami design that exhibited recon-
figurable performance and efficient packing. Fig. 8 shows
this design at its three states of operation, namely, GPS, satel-
lite radio communications, and WiMAX. The corresponding
performance of this origami antenna at the three states is
shown in Fig. 9.

Paper-based origami antennas were easier to build in the
early stages of our research. However, paper substrates have
limited practical applications, since they can be easily dam-
aged. In addition, certain polyimide-based origami antennas
lack mechanical robustness, since after a relatively small o o .

. . FIGURE 10. Polyimide-based helical origami antenna. The flexible substrate
number of folding/unfolding cycles (50— 150 cycles depend- (polyimide) experiences fatigue after 50-100 cycles of folding/unfolding.
ing on the thickness of the material), they experience cracks
along the creases and near points of high stress.

Fig. 10 depicts an example of such failure of an origami
helical antenna on flexible polyimide substrate. Furthermore,
antennas often must withstand harsh environments and
sustain extreme conditions, such as, abrupt temperature

changes, wind, and rain. Such conditions can severely dam-
age origami designs on thin flexible substrates by degrading
their mechanical and electrical performance.

To address the above problems of origami antennas, we
have introduced: (a) new material systems that can sustain
VOLUME 2, 2021 1027
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FIGURE 11. First multi-layer multi-material origami a) helical antenna, and b) FSS.
This design approach provides robust operation reducing the stresses at the creases
and corners, thereby eliminating cracking issues of previously introduced designs,
such as the polyimide based antenna of Fig. 10.

@ (®)

FIGURE 12. First thick origami antenna. The flasher model transforms a dipole
antenna shown in a) to a conical spiral shown in b), thereby providing radiation
pattern and frequency reconfigurability.

multiple cycles of folding/unfolding, and (b) origami antenna
designs on thick and rigid substrates. First, we proposed a
new multi-layer multi-material system for origami antennas
in [157]. Two examples of such origami antennas are shown
in Figs. 11(a) and 11(b), and they provide robust operation by
reducing the stresses at the creases and the corners, thereby
eliminating the issues with cracking. A complete description
of this design approach along with new results are presented
in Section VIIL

Second, we developed rigidly foldable EM designs to pro-
vide robust operation in harsh environments. Specifically, we
proposed a thick origami antenna [158], as shown in Fig. 12,
based on a rigid origami flasher [40], that can transform a
dipole to a segmented conical spiral antenna. This antenna
uses thick panels (FR4 with a thickness of 32 mil) that are
held in place using a flexible membrane. Therefore, it can
be constructed using standard PCBs, which simplifies its
manufacturing.

Our work on thick origami designs was further expanded
by proposing both active and passive thick origami arrays.
First, Hamza et al., in [122] introduced a monolithic thick
origami active array, as shown in Fig. 13. This array
folds/unfolds over a range of almost 360° using a lamina
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FIGURE 13. First thick origami array introduced by our group in [122]: a) Monolithic
four element thick origami array including the antenna elements, feed network and
hinge. b) The array maintains consi: h | and electrc gnetic (EM)
performance through 5, 000 folding cycles of angular deflection (+180°)
without any failures. c) Progressive phase calculation for our foldable four element
patch array. d) This monolithic deployable array realizes improved beam steering
capabilities for scan angles greater than 35°. e) When it folds, the array reduces its
area to 50%.

emergent torsional (LET) hinge, [159]. The term monolithic
refers to the fact that this design [including the antenna
elements, feed network and hinge shown in Fig. 13(a)] can be
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FIGURE 14. Foldable and reconfigurable monolithic RA at, a) different folding states
RA4, RA; and RAp, b) top view and c) bottom view.

manufactured in a single manufacturing step, thereby elimi-
nating the need for assembly and additional mechanical parts.
Also, the robustness of this origami array is exceptional, as it
maintained consistent mechanical and electromagnetic (EM)
performance through 5, 000 folding cycles of complete angu-
lar deflection (£180°) without any failures. Figs. 13(c)-(d)
show as this array changes from its planar to its non-planar
state, it provides improved beamsteering capabilities for scan
angles greater than 35°.

Second, aiming to space applications we have developed
novel deployable reflectarrays by introducing three different
design approaches; (a) monolithic designs using traditional
PCBs, (b) multi-layer multi-material designs using thick
substrates, and (c) multi-layer multi-material designs using
additive manufacturing techniques.

Kaddour et al, in [160] introduced a novel reconfig-
urable and monolithic reflectarray (RA) with foldable panels.
This passive array is suitable for CubeSat applications
targeting communications that require multiple directions,
i.e., beam-scanning or radiation diversity. The proposed
RA has extremely low fabrication cost, reconfigurable EM
performance, beamsteering capabilities, efficient stowage,
and excellent compatibility with CubeSat geometries. By
folding and unfolding its panels, this high-gain RA can sup-
port three different aperture sub-configurations with three
different patterns, namely, two single-beam patterns and one
dual-beam pattern. The proposed design is shown in Fig. 14,
and it consists of a combination of multiple RAs (RA|, RA»
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FIGURE 15. Foldable and reconfigurable monolithic RA [160]. a) Prototype. b) This
RA’s three different aperture sub-configurations with corresponding patterns.

and RA»;) that provide mechanically reconfigurable radia-
tion properties (single and dual-beam) and beamsteering,
while reducing the cost due to fewer parts, simplified manu-
facturing, and no need for maintenance. The key advantages
of our proposed RA include (1) mechanical reconfigurabil-
ity into multiple states, and (2) a LET hinge design that
offers advantages over current folding mechanisms used in
RA designs. Fig. 15(a) shows the fabricated prototype using
standard PCB fabrication at its three different folding states
RA{, RA3, and RA»;, and compares the simulated and mea-
sured realized gain patterns of the three sub-configurations
in Fig. 15(b). Notably, this monolithic RA establishes a new
type of RA that is well-suited for on-site manufacturing in
space exploration missions, i.e., this RA can be made in
space using simple and additive manufacturing processes.
Rubio et al., in [161] expanded our multi-layer multi-
material design and fabrication approach introduced in [157],
to design RAs that utilize thick substrates. Namely, he intro-
duced a novel RA composed of 15 PCB circuits, mounted
on an origami-inspired foldable structure, which is called a
straight-major square-twist (SMST) pattern [162], as shown
in Fig. 16. This structure was designed to add stiffness
to the RA structure, accommodate for material thickness,
and enable the RA to fold in a way that exposes three
different sets of RA panels. The thickness of the pattern
shown also provides built-in stops that limit the motion and
keep the panels parallel to each other. Each crease in the
pattern is created using a Kapton® membrane hinge. This
origami-inspired structure allows for the potential of multiple

1029



GEORGAKOPOQULOS et al.: ORIGAMI ANTENNAS

3D printed structure

(b)

- =

(©)
3 =

—Sim. |

Realized Gain (dBi)

2120 -9 60 <30 0 30 60 90 120
6 (°)
(d

FIGURE 16. Reflectarray antenna on the straight-major square-twist structure [161].
a) Deployed state. b) Stowed state. c) Fabricated RA shown at its different folding
states. d) Simulated and measured realized gain pattern at 16 GHz.

apertures. When not in use, the structure can be folded and
stowed [Fig. 16(b)], and when in use, the array can be
unfolded, as shown in Fig. 16(a). Figure 16(c) shows the
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three different states to which it folds. This pattern allows
for a footprint increase from stowed to deployed configu-
ration of more than 400% for a 1.0 cm panel thickness.
This pattern also exhibits a volume packing efficiency of
92%, which increases as panel thickness decreases. Packing
efficiency was determined as a ratio between the volume
of the fully folded state and the volume of the smallest
bounding cuboid of the fully folded state, respectively. The
RA provides a pencil beam (directed at 6 = 30°, ¢ = 0°)
with a realized gain of approximately 28 dBi as seen in
Fig. 16(d).

Finally, aiming to low-cost fabrication approaches, we
have used additive manufacturing techniques for our multi-
layer multi-material designs. Specifically, Kaddour et al.,
in [163], presented a novel reflectarray unit-cell based on
the Miura-Ori origami pattern. In this design, significant
area reduction was achieved by a factor of 6, when the
proposed reflectarray is stowed, compared to its unfolded
state. Notably, the origami reflectarray antenna provides
a reconfigurable behavior, i.e., its frequency of operation
changes as it folds. This antenna has the potential to
be applied in SmallSats, where efficient stowage is very
important. The Miura-Ori unit-cell consists of a 3-layer
design, as shown in Fig. 17(a). The first layer consists of
four parallelogram patches printed on RO3010 substrate.
Each patch is placed inside a cavity made of flexible
Polypropylene material. The flexible Polypropylene section
(second layer) is 3D printed and it supports the fold-
ing/unfolding ability of our design. Finally, a third layer (i.e.,
ground plane) is added using a thin metallized Kapton®
substrate. The thickness of the ground plane is appropri-
ately chosen such as to maintain the flexibility of the
Miura-Ori unit-cell. This Miura-Ori unit-cell enables the
reflectarray to achieve high packing efficiency. Fig. 17(b)
shows several folding states of the proposed Miura-Ori unit-
cell and its corresponding EM performance is shown in
Fig. 17(c).

By folding the Miura-Ori unit-cell the physical size of the
unit-cell decreases. Consequently, the operating frequency
of the unit-cell shifts to higher frequencies as it can be
observed in Fig. 17(c). Fig. 18 shows that this design
achieves a maximum directivity of 17.5 dBi at 8.425 GHz
with a 2 dB directivity bandwidth from 8.2 GHz to 9.4 GHz
(13.6%). Notably, the maximum realized gain decreases
as the reflectarray increases its folding angle. This is
expected due to the following two reasons: (a) as the
reflectarray folds, its effective area reduces, and (b) the ele-
ments are not perfectly synthesized for operation at higher
frequencies. Furthermore, many other deployable [164], and
reconfigurable [165], [166], origami RA designs have been
proposed.

Origami antennas have been extensively used due to their
packing abilities, easy deployable mechanisms, and recon-
figurable features as they morph their shape. Moreover,
as discussed in Section IV, origami designs also have the
ability to provide enhanced EM performance compared to
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FIGURE 17. Miura-Ori reflectarray antenna[163]. a) Foldable unit-cell. b) Unit-cell at
different folding states. c) Reflection phase and losses at different folding angles of
the Miura-Ori reflectarray unit-cell.
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FIGURE 18. Miura-Ori reflectarray antenna performance. Gain pattern vs frequency
for 6m = 0° and Om = 45°.

traditional electromagnetic designs. Biswas et al., in [123],
first illustrated this by developing a novel origami dual-band
FSS [see Fig. 19(a)].

Namely, in [123], we showed for the first time that origami
transforms a single-band static FSS to a dynamic dual-
band FSS by conforming periodically spaced electromagnetic
resonators to a Miura-Ori folding pattern (see Fig. 20).

Unlike the typical complicated multi-layer FSSs designs,
the presented origami-FSS is simple and can be easily used
from microwave to optical frequencies. Notably, design-
ing multi-band electromagnetic structures with minimal
design complexity and fabrication cost is very important for
numerous applications, such as radar cross-section, radomes,
artificial electromagnetic bandgap structures, etc.
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FIGURE 19. Dual-band origami FSS: a) Measuring our FSS prototype. b) Simulated
results, and c) measured results.

VI. ORIGAMI ANTENNAS TOOLSETS
Due to their complex geometries, origami antennas face
unique design challenges, compared to traditional EM struc-
tures. Modeling the kinematics of these structures along
with their mechanical and electromagnetic performance at
different folding-angles (or folding-states) is very difficult.
Namely, when an EM origami design is developed, its
behavior at different folding-states must be studied and
appropriately optimized, if physical reconfiguration is one of
the design goals. Several origami mathematical tools, that
provide different origami patterns [58]-[62], [167]-[169],
and simulate how origami patterns fold [59], [61], have been
developed. However, there has been a significant lack of EM
tools that can simulate EM origami designs in an automated
way. To address this need, we recently introduced a toolset
for automated modeling of origami EM structures in [170]
(see Fig. 21).

In this toolset, origami math are used to generate any
desired origami model. Then, thin models are converted
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FIGURE 20. Dual-band origami FSS: a) Frequency reconfigurable behavior due to
the deployable abilities of the origami FSS for a TE polarized impinging wave.

b) Reflection coefficient and corresponding field distribution for the conventional
single-band FSS. c) Reflection coefficient and corresponding field distribution for the
dual-band origami FSS.

to thick, if needed, and the corresponding conductive and
non-conductive (e.g., substrate, superstrate, etc.) areas are
defined. The design in turn is analyzed in ANSYS HFSS,

1032

Automated Origami CAD Modeling Tool

—
Origami Structure
Structure Thickness

Antenna Structure

Structure Selection Antenna Definition

« From library Foldangle Uit “Thin Origami « File upload Complotol

Miura v S mm v ThickOrigami Library shapes

P Thickness.

Get CAD Model

I Go to simulation setup.

FIGURE 21. Graphical user interface of the first EM origami toolset presented
in [170].
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FIGURE 22. Toolset for modeling, analyzing, and optimizing origami antennas and
EM structures.

and optimized based on the user’s objectives. Below, a brief
demonstration of this first EM origami toolset is given. A
complete analysis can be found in [170].

As discussed in Section III, one of the unique charac-
teristics of origami EM structures is their physical recon-
figuration; a property that increases the analysis complexity.
EM origami designs are physically reconfigurable since they
deform their shape as they fold/unfold. Thus, the folding pat-
tern (e.g., substrate) and the conductive area (e.g., antenna,
filter, etc.) must be appropriately determined so that the EM
origami design operates efficiently across its different fold-
states. Therefore, a toolset that can model, simulate, and
optimize origami antennas in an automated way is needed.
The toolset we presented in [170] is the first of its kind
that fulfills this purpose. To generate origami patterns, exist-
ing origami-math software (i.e., Tessellatica [61]) was used
to create mathematically accurate CAD models. Also, the
standard flexible origami list data structure (FOLD) format
was utilized to generate all the required vertex, edge and
face related information. This information offers essentially
the origami kinematics as the structure transforms from one
folded state to another. The flowchart for our toolset is shown
in Fig. 22.

After the origami information is loaded, the EM design is
mapped on the origami pattern. Notably, since a realistic EM
design is comprised of both conductive and non-conductive
materials (e.g., substrate), the origami design must have some
realistic thickness. Thickness in origami designs is one of
the biggest challenges and most of origami toolsets do not
offer patterns for thick origami. To overcome this limita-
tion, we tackled this challenge in [170] by introducing the
desired thickness on any imported origami pattern. After
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the EM origami structure is designed, full-wave analysis is
performed. Finally, our toolset provides, as shown in Fig. 22,
a module for optimizing the origami designs based on set
design goals.

VIl. DESIGN PROCESS AND ANALYSIS OF A NOVEL
ORIGAMI ANTENNA

As discussed above, significant research has been conducted
on origami antennas. Figure 23 shows the evolution of EM
origami designs, starting from the design of antennas on thin
substrates (e.g., paper and polyimide) and moving to designs
with flexible, thick, and rigid materials.

In this work, we describe the design process and anal-
ysis of packable and reconfigurable helical origami anten-
nas based on multilayer and multi-material systems. The
multilayer and multi-material system is chosen as it enables
the development of: (a) novel origami antennas with reli-
able and repeatable operation, and (b) new foldable antenna
designs based on various manufacturing methods (e.g., addi-
tive manufacturing) and a combination of flexible (e.g., the
third antenna from the left in Fig. 23) and rigid (e.g., the
fifth antenna from the left in Fig. 23) substrates. This work
is important as helical antennas are widely used in both ter-
restrial and space applications. Due to our novel design, our
proposed origami helical antennas can sustain thousands of
folding/unfolding cycles without breaking or cracking, while
maintaining stable electromagnetic performance. In the next
subsections, we briefly describe the design principles of an
origami helical antenna (Section VII-A), identify the origami
design principles (Section VII-B), demonstrate in detail the
fabrication process (Section VII-C), and present both our
simulated and measured results (Section VII-D).

A. DESIGN PRINCIPLES OF QUADRIFILAR HELICAL
ANTENNA

Helical antennas were first investigated in 1947 by
Kraus, [171], and Wheeler, [172]. Wheeler demonstrated
that a helical antenna whose length is less than a wave-
length behaves as a dipole with a coaxial doughnut shaped
radiation pattern, while Kraus discovered the axial mode
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FIGURE 24. Quadrifilar helical antenna (QHA).

radiation, which is achieved when the circumference of the
helix is close to a wavelength. Helical antennas are very
well suited for various applications due to their high gain
and circular polarization.

Helical antennas appear on cylindrical, conical, and spher-
ical shapes with the main parameters setting their radiation
characteristics to be: (i) the number of filaments wounded to
form the corresponding shape, (ii) the diameter of the loops
the filaments form, and (iii) the number of turns. When
one filament is wounded, the helix is usually called monofi-
lar, while when four filaments are used it is referred as
quadrifilar helical antenna (QHA). QHAs require less num-
ber of turns compared to monofilar designs, which makes
them better-suited for applications where space requirements
are stringent. Therefore, we pick here to design an origami
quadrifilar helical antenna (see Fig. 24).

The operation of a quadrifilar helical antenna, similar to
the traditional monofilar one, is determined by the choice
of the circumference (C,) in wavelengths, diameter of the
ground plane (Dy), pitch angle (v/), trace width (W), number
of turns (N), and length of the trace (L). Namely, for opera-
tion in the axial mode, its circumference should lie between
0.41 and 2.04, its pitch angle between 40° to 45°, and its
ground plane should be 2.5 to 5 times the diameter of the
helix (D) with the optimal value to be about 3.5D, [173].
Note that if the C, is not appropriately chosen, the QHA
radiates in the backfire direction (0.351 < C, < 0.45}),
while for C, > 1.6A the beam patterns begin to deteriorate
due to the presence of a scanning mode which appears first
as high sidelobes and eventually leads to a complete pattern
breakup for C; close to 2.71. The bandwidth of the QHA is
mainly dependent on the number of turns (N) of the helix.
For ultra-wideband (UWB) behavior, the number of turns
is usually N > 3, and for narrowband behavior the number
can be significantly reduced close to N = 1. All the QHA
design parameters are tabulated in Table 1.
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TABLE 1. QHA Design Parameters.

Parameter Value
Circumference 0.75) < C) < 1.35\
Pitch angle 40° < ¢p < 45°

1 < N < 2 (narrowband)
N > 2 (wideband)
D, > 35D

Number of turns

Ground plane diameter
*D: diameter of the helix

Also, a critical design parameter is the excitation. QHAs
are fed with four excitations of equal amplitude and 90°
phase difference, which are progressively applied in either a
clockwise (CW) or counter-clockwise (CCW) fashion. In the
case where there is no ground plane, the phase progression
combined with the wire winding direction dictates the CW
or CCW polarization as well as the antenna operation as
endfire or backfire. When ground plane is used, the antenna
always radiates at the endfire direction with right-hand cir-
cular polarization (RHCP) when both the phase progression
and the wire winding direction are CW (as we look at the
helix from a top view), and left-hand circular polarization
(LHCP) when one of the two follows the opposite direction
(e.g., CW for the wire winding direction and CCW for the
phase progression).

B. DESIGN PRINCIPLES OF ORIGAMI QUADRIFILAR
HELICAL ANTENNA
In this work, following our previous studies (e.g., [157]),
the Kresling origami pattern is used for the design of our
origami helical antenna. Taking into consideration the design
parameters from Section VII-A, we combine appropriately
the origami pattern with the helix as shown in Fig. 25.
Figure 25(a) shows the QHA on its planar state, with
traces on the desired Kresling pattern. Figure 25(b) shows
the origami QHA when the origami pattern on Fig. 25(a)
is folded. Notably, the four conductive traces, depicted with
orange color, are placed along the diagonal lines in the par-
allelogram unit [Fig. 25(a)], so that the desired pitch angle
of 45° is achieved when the origami pattern is folded.
Figure 26 shows the Kresling origami pattern unit-cell.
Aiming for a mechanically robust design, the dimensions
a and b are appropriately chosen such that their ratio lies
between 0 and n/4 [174], where n is the number of sides
used to discretize the circular cross section of our helix, as
shown in Fig. 25(a),

0 < ratio < n/4, {n> 4} (D

Also, to achieve the desired EM performance, an optimal
circumference C) is chosen along with the corresponding
QHA'’s diameter D. These two values dictate the length a,
therefore, b is chosen to satisfy (1). The next parameter to
be defined is the length of each conductive trace. This length
is calculated as the product of side length ¢ (see Fig. 26)
and the number of unit-cells m used. In our design, m = 4
as shown in Fig. 25(b).
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FIGURE 25. Origami QHA. a) Origami pattern with the traces for the proposed QHA,
and b) helical antenna fully expanded operating at its axial mode.
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FIGURE 26. Unit-cell of a Kresling origami structure when is folded.

Note here, that theoretically the maximum height of the
Kresling pattern is m - ¢ (considering fully expanded case,
i.e., § = 90°). However, a practical Kresling design is limited
by the increasing stress on the edge ¢ during deployment.
Therefore, there is a theoretical maximum for the angle &
that can be calculated for a particular value of » and a.
Hence, the height of the Kresling origami QHA varies with
the angle delta as,

H = b x siné 2)
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FIGURE 27. Multi-layer multi-material configuration for our origami quadrifilar
helical antenna.

Hence, the maximum height of the Kresling is given by,
Hppax = b X Sindax 3)

The maximum angle after deployment can be estimated by
calculating the elastic strain of the truss model of cylindrical
Kresling shell while unfolding, [174]. The deployment angle
at which the elastic strain is minimized corresponds to &,4y.
A very detailed analysis for the design procedure of a helical
antenna on Kresling pattern can be found in [156].

C. FABRICATION PROCESS OF QUADRIFILAR HELICAL
ANTENNA

As discussed in Section IV one of the main challenges on the
design of origami antennas is their mechanical robustness.
Notably, some of the first origami antenna designs experience
cracks along the creases and near the points of high stress.
Therefore, novel design and fabrication methods are needed
to address this problem. To this end, we introduce here a
novel multi-layer multi-material system for origami antennas.
A general description of this novel fabrication technique can
be found in our recently issued patent, [175]. Fig. 27 shows
in detail the configuration of our proposed multi-layer multi-
material system. Notably, this system in not limited to the
specific types of materials and number of layers shown in
Fig. 27 and the ones used in this work for our origami helical
antenna.

A textile substrate with a conductive thread sewn on it are
chosen as key elements of our proposed multi-layer multi-
material system for our origami QHA to provide a robust and
lightweight design, which does not crack when it is folded.
In what follows, we describe step-by-step the manufacturing
process of this system.

Step 1: The fabrication process starts by designing the
crease pattern in our origami substrate. Here a plastic film of
0.007” thickness is used as our origami substrate, as shown
in Fig. 27. Traditionally, to design a crease pattern on a
rigid substrate, material is appropriately removed by etching,
scouring, or perforating the origami substrate. However, as
mentioned in Section V, origami designs experience cracks
along the creases and near points of high stress after multiple
cycles of folding/unfolding. To eliminate this possibility of
cracking, we follow here a new approach. Namely, we cut
our rigid substrate into pieces, and completely separate them,
according to the desired crease pattern. Figure 28 shows how
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Cut Triangulargess,
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Triangular
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Substrate
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FIGURE 28. A Silhouette Cameo 3 cutting machine is used to cut the plastic film
(origami substrate) according to the desired crease pattern.

Conductive Antenna Traces

LN = e ]

FIGURE 29. Conductive thread sewn on the fabric following the pattern of Fig. 25(a)
and cut triangular pieces (which form the origami substrate) are appropriately placed
on the sewn antenna.

we cut our plastic film in pieces using a Silhouette Cameo 3
cutting machine. In the inset of the same figure the triangular
pieces of the Kresling pattern are shown.

Step 2: The next step is to design the conductive parts
of our antenna as showed above in Fig. 25(a). Aiming
to a crack-free foldable antenna design, a 0.04 mm thick
Elektrisola TW — 0 silver-coated copper conductive thread
(Cu/Ag50), [176], is used as our conductive antenna trace.
To keep in place the conductive traces, a lightweight water-
proof fabric (Prosoft Eco-PUL W-578) is used, playing the
role of the bottom encapsulation layer shown in Fig. 27. The
conductive traces are sewn on the fabric following the design
principles described in Section VII-B. Figure 29 shows the
conductive threads as they have been sewn on our fabric.

Step 3: After the antenna design is completed we put
together our radiator (the outcome of Step 2) with the origami
substrate (the outcome of Step 1). This process is shown in
Fig. 29, where all the plastic pieces are placed on top of the
sewn antenna according to the pattern of Fig. 25(a).

Step 4: To keep in place the plastic pieces, we add adhesive
material (i.e., glue spray) on their top face, as shown in
Fig. 30(a), and we cover them with a thin plastic film shown
in Fig. 30(b). The thin plastic film plays the role of the top
encapsulation layer described in Fig. 27. The entire design
is now sandwiched between the top encapsulation layer (our
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(b)

FIGURE 30. (a) Spraying glue on the top face of our cut triangular pieces (origami
substrate) as they are resting on the sewn antenna. (b) Placing the top encapsulation
layer (our transparent plastic film) on the sewn antenna.

Conductive Antenna Traces
|

FIGURE 31. Sewing the borders of each triangular piece on the textile substrate.

thin plastic film) and the bottom encapsulation layer (our
fabric).

Step 5: Even though our origami substrate is held in place
between the two encapsulation layers one additional step
is applied to secure its position. Namely, using a standard
sewing machine we sew the borders of each triangular piece
on the textile substrate, as shown in Fig. 31. After this step
we have a multi-layer multi-material origami structure that
we can fold to form our intended origami Kresling pattern
(see Fig. 32).

Step 6: After we fold the Kresling pattern, we hand-
stitch it to form our origami helical antenna, as shown in
Fig. 32. Notably, all the gluing and stitching during our
manufacturing process must be carefully done to minimize
spaces between the pieces that form the origami substrate.
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FIGURE 32. Folding appropriately and then hand-stitching the edges to form the
desired origami Kresling pattern.

wil

\‘lJ,l

)
SMA

Connectors

FIGURE 33. Prototype origami QHA with the ground plane and feed (inset).

TABLE 2. Origami QHA Design Parameters.

Parameters Value Parameters | Value
a 52.04 mm N 1
b 101 mm n 8
c 129.50 mm m 4
D 136 mm P 45°
H 344.48 mm 1) 58.50°
D, 428.5 mm w 10 mm

Step 7: A circular cardboard covered with copper tape is
placed at the base of our origami QHA antenna to form the
ground plane. To feed the antenna four SMA connectors are
soldered, as shown in the inset of Fig. 33. Our completed
origami QHA is shown in Fig. 33.

D. RESULTS OF QUADRIFILAR HELICAL ANTENNA
Following the design guidelines of Sections VII-A and VII-
A, our origami QHA is designed to operate at 421 MHz with
all its parameters defined in Table 2.

First the antenna is numerically analyzed in ANSYS
HFSS. As discussed in Section VII-A our origami antenna
is excited by four feeds (e.g., four wave ports on HFSS) of
equal amplitude and 90° phase difference, which are pro-
gressively applied in a CW fashion. Figure 34 presents the
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FIGURE 34. Simulated active S-parameters of the origami QHA.
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FIGURE 35. Simulated 3D radiation pattern of origami QHA antenna.

simulated active S-parameters showing excellent matching
at 400 MHz and an expected narrow bandwidth of 30 MHz
within the range of 386-416 MHz. The 3D radiation pattern
at 400 MHz is shown in Fig. 35.

The proposed origami QHA was measured using an MVG
SG-64 near-field measurement system as shown in Fig. 36(c).
To appropriately excite the QHA, a 0° — 180° and two
0° —90° phase shifters were used to create a 90° difference
between each arm. The measured properties of the fabricated
feeding system have been introduced in the EM simulator.

Fig. 37 shows the active reflection coefficient for all
four ports well matched at 400 MHz. A slight shift in the
frequency of operation is seen due to fabrication tolerances.

The simulated and measured radiation and AR patterns at
400 MHz for both ¢ = 0° and ¢ = 90° plane cuts are shown
in Fig. 38(a) and Fig. 38(b), respectively. It is observed that
the patterns in the ¢ = 0° and ¢ = 90° planes are similar to
each other and the radiation patterns of RHCP is symmetric
for the maximum radiation direction. The co-polar (LHCP)
field is stronger than the cross-polar (RHCP) counterpart by
at least 15 dB over a wide range of elevation angle 6, giving
a wide 3-dB AR beamwidth. The measured max gain is 4.5
dBic. This value is only 0.7 dB less compared to our simu-
lated results, a deviation that occurs due to fabrication and
near-field measurement tolerances. Finally, the simulated 3-
dB AR beamwidths for ¢ = 0° and ¢ = 90° plane cuts are
162° and 150°, respectively, while the corresponding mea-
sured values are 72° and 78°. This difference in beamwidth
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FIGURE 36. Proposed origami QHA antenna inside the MVG SG-64 near-field
measurement system.
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FIGURE 37. Measured active S-parameters.

is due to the high cross polarization level for 8 > 30° and
6 < —30°. Overall, our results show a very good agreement
between simulations and measurements.

Figure 39 shows the prototype at its fully expanded
[Fig. 39(a)] and at its fully stowed state [Fig. 39(b)]. The
volume of this antenna at its folded state is ~ 7.5 times less
than its volume at its fully expanded state, therefore, this
design provides excellent packing efficiency for applications
where space is limited (e.g., space-borne applications).

Our multi-layer multi-material fabrication approach
addressed one of the biggest challenges of origami elec-
tromagnetic structures, i.e., cracking after folding/unfolding.
This approach is not limited to origami helical antennas
and it can be used to manufacture other types of origami
antennas. Also, other types of materials and different num-
bers of layers can be employed. As we demonstrated, our
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FIGURE 38. Comparison of simulated and measured (a) realized gain and (b) AR at
400 MHz in both planes ¢ = 0° and ¢ = 90°. (a) (b)
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FIGURE 39. Packability of origami QHA. (a) Fully expanded view. (b) Fully stowed
view.

origami antenna provides robust mechanical and electromag-
netic performance. Moreover, even though this antenna was
designed to operate at its fully deployed state and at only
one frequency band, our proposed fabrication approach can
be used for reconfigurable origami antennas that operate
at multiple states and frequencies. For example, by folding
and unfolding origami helical antennas they can operate at
different states, [153].

VIil. DISCUSSION

Reconfigurable, tunable, multifunctional, deployable, and
UWB high-performance antenna systems have been exten-
sively used to provide multiple services to wireless commu-
nication systems. Electrical and mechanical reconfiguration
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methods have been developed and applied in numerous appli-
cations, such as, communications, reconnaissance, sensing
and energy harvesting for airborne and spaceborne systems.
Origami antennas is a new family of physically recon-
figurable antennas that has been recently introduced, and
they exhibit unique advantages over traditional antennas,
such as performance reconfiguration, tunability, and efficient
stowing. The inherent electromagnetic and mechanical multi-
functional behaviors of origami antennas make them suitable
for terrestrial and space applications, since they can be easily
carried and effortlessly deployed. Also, the ability of origami
antennas to morph their shape enables the development of
new electromagnetic (EM) systems with unprecedented and
transformational capabilities, among them: 1) antennas that
can change their geometrical shape to control performance
parameters as a function of time and achieve multifunc-
tionality, 2) 2-D and 3-D antenna arrays that can change
their footprint, shape, and/or element separation to achieve
optimal beamforming, beamsteering, and scanning range, and
3) reconfigurable frequency selective surfaces for tunable and
multifunctional antennas and arrays.

In this paper, we shed light on origami antennas by pre-
senting the evolution of this unique technology. Starting
from the design of antennas on thin substrates (e.g., paper
and polyimide) and moving to designs with flexible, thick,
and rigid materials (see Fig. 23), it can be concluded that
the foundation for the design of origami antennas and EM
structures has been already established. We anticipate that
in the next few years, new game-changing origami anten-
nas and electromagnetic structures will be introduced. These
designs will maintain robustness as they dynamically actu-
ate, fold/unfold, morph and/or reshape to enable tunable
and reconfigurable EM operation, including RF matching,
frequency reconfiguration, beamforming and controllable
reflectivity. New mechanisms will also be designed that will
enhance the capabilities of origami EM structures. Finally,
to appropriately study the mathematical, mechanical and
electromagnetic complexity of origami EM designs, unified
computational design/optimization tools with multi-physics,
origami math, and multi-scale modeling algorithms will be
further developed.

IX. CONCLUSION

Foldable and physically reconfigurable antennas, particularly
origami-based antennas, as shown in this work exhibit unique
characteristics, such as multifunctional electromagnetic util-
ity, ultra-compact stowage, deployment ease, and reduced
weight. Their inherent electromagnetic and mechanical mul-
tifunctional behaviors make them suitable for terrestrial and
space applications, since they can be easily carried and
effortlessly deployed. However, designing these antennas
is a challenging and multidisciplinary effort requiring the
collaboration of researchers that span different fields includ-
ing mathematics, material science as well as electrical and
mechanical engineering. We anticipate that in the coming
years origami antenna technologies and their design tools
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will further advance and mature, thereby leading to game-
changing designs that will benefit various commercial and
military applications.
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