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Abstract— This article presents the first shape-changing phased
array operating at 28 GHz as an alternative to traditional
planar phased arrays. By combining electrical beamsteering
with mechanical shape change, this design achieves high degrees
of freedom, resulting in near-limitless radiation pattern recon-
figurability and overcoming the tradeoff between gain and
angular coverage. Utilizing the eggbox origami structure, a
4-D multifaceted foldable phased array is developed, and a
modular tile-based (unit-cell) approach is employed to enable
TX/RX selective activation and scalability to massive MIMO.
This results in near 360◦ continuous beam steering in the azimuth
plane with reconfigurable multibeam or quasi-isotropic radiation
patterns. Additive manufacturing processes are employed to
realize the first shape-changing phased array at a miniatur-
ized millimeter scale. The eggbox phased array features highly
integrated on-structure beamformer ICs and a flexible feeding
network utilizing a uniquely designed foldable interconnect.
As the first additively manufactured mm-wave hinge intercon-
nects, the presented “arch” interconnect exhibits near-constant
insertion loss of 0.02 dB/mm across various folding angles and
cycles. In addition, a microservo-based actuation mechanism is
designed to precisely control the origami folding action. Measure-
ments demonstrate the phased array’s pattern reconfigurability,
and its effectiveness is further validated in an orthogonal
frequency division multiplexing (OFDM)-based communication
testbed setup. Furthermore, this article provides a holistic
multidisciplinary framework guiding the development of a new
era of mm-wave shape-changing phased arrays, encompassing
considerations in hardware realization, actuation, and 3-D beam
shaping/calibration. Given its multitude of novel features, the egg-
box phased array can enable a plethora of applications, ranging
from multimode in-band full-duplex applications to multifunction
multibeam use cases, extreme interference mitigation, and space-
constrained deployments.
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I. INTRODUCTION

THE advent of 5G mm-wave technology has revolution-
ized the landscape of high-speed communications. This

advancement unlocked unprecedented potential for the devel-
opment of smart cities, Industry 4.0, and consumer-focused
IoT through broadband, high data rate, and ultrareliable low-
latency communication. Nevertheless, the realization of the
full potential of 5G mm-wave applications faces significant
challenges. One primary issue is the effectiveness of mm-wave
signals, which experience considerable deterioration in non-
line-of-sight conditions due to the high path loss incurred.

The utilization of phased arrays has become imperative
to 5G deployment, offering beamsteering capabilities that
can reduce interference by directly targeting users. However,
conventional phased arrays struggle with inherent limita-
tions, primarily their restricted angular coverage and narrow
beamwidths. Moreover, the bulkiness, cost, and rigidity of
these systems hinder adaptability, making modification or
replacement of subsystem components a daunting task.

Recognizing the constraints of planar phased arrays, recon-
figurability methods for antennas as a means to enhance
their performance are explored. Reconfigurable antenna char-
acteristics include frequency, radiation pattern, polarization,
aperture size, field of view, gain, and sidelobe levels (SLL).
Several methods exist to achieve this reconfigurability, with
the most prominent being switch-based techniques that utilize
electronic switches such as p-i-n diodes or varactors [1].
On the other hand, nonswitch-based reconfiguration tech-
niques alter the antenna’s characteristics without resorting to
switching components by modifying the shape of the antenna
or introducing deformations in its substrate and/or ground
plane.

Origami, the Japanese art of paper-folding, emerges as a
vehicle to enable shape-changing antennas. Origami anten-
nas, spanning diverse materials such as paper [2], PET [3],
and 3-D-printed structures [4], have demonstrated frequency
reconfigurability up to 4.45 GHz. For instance, [5] presents

0018-9480 © 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on March 22,2025 at 20:49:27 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0009-0004-1616-4242
https://orcid.org/0009-0004-0167-8881
https://orcid.org/0009-0001-3494-0039
https://orcid.org/0000-0003-3279-0695
https://orcid.org/0000-0003-0476-3577


398 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 73, NO. 1, JANUARY 2025

an origami helical antenna capable of changing its resonant
frequency in the 0.86–3-GHz band. Similarly, [6] showcases a
1–5-GHz frequency reconfigurable antenna based on a tristable
square-twist origami structure.

Reconfigurability in antenna radiation pattern due to shape
change has been less prominent in the literature but has been
presented at 2.2 GHz using a quasi-Yagi helical antenna [3].
A two-state pattern and frequency reconfigurable antenna
based on Nojima origami is presented in [7], while another
two-state pattern reconfigurable antenna operating at 2.4 GHz
based on folding techniques is demonstrated in [8]. A thorough
review of origami antennas can be found in [9], [10], and [11].

Shape-changing origami-inspired antenna arrays have not
been extensively explored, with few demonstrations in the
literature. For example, [12] presents an accordion-folding
series-fed patch array for deployable applications with min-
imal frequency shifts at 5.7 GHz. This array, however, still
requires an external feeding network. In contrast, [13] inves-
tigates a four-element patch array based on thick-origami
principles with an on-structure feeding network, with the capa-
bility to perform limited beamsteering at 2.45 GHz through
shape change. Similarly, [14] investigates a Miura-Ori origami
antenna array featuring up to four patch elements at 3 GHz,
also with an on-structure feeding network, posing higher
integration levels. However, challenges surfaced as connecting
interconnects extended over folds, impacting performance with
changing folding angles.

Notably, the aforementioned arrays lacked the wide
angular-coverage beamsteering capabilities inherent in phased
arrays, behaving more akin to a single antenna. This drove
Williams et al. [15] to develop an origami-inspired phased
array at 2.6 GHz, boasting an array of 3 × 5 elements. While
demonstrating the ability to morph into planar, cylindrical,
and circular geometries, this structure encounters limitations in
terms of size, bulkiness, and scalability, posing challenges to
its practical implementation. Designed for 2.6-GHz operation,
the work in [15] is not suitable for mm-wave applications,
is not additively manufactured, and does not present fold-
able hinge interconnects for higher integration levels and
scalability.

The recent introduction of shape-changing phased arrays
presents a new paradigm shift in antenna reconfigurability.
The combination of electrical beamsteering and mechanical
shape change leads to additional degrees of freedom and,
thus, reconfigurability. In fact, a radiator capable of arbitrarily
controlling both its geometry and the current distribution on its
surface would have no constraints on the radiation patterns that
it could produce. Such shape-changing phased arrays enable
new applications by dynamically conforming their shapes to
the geometry best suited for a given task.

To the best of our knowledge, this article presents
the first morphing origami-inspired phased array enabling
near-limitless radiation pattern reconfigurability at 28 GHz.
In addition, operating at mm-wave frequencies renders the
proposed phased array to be the first origami-inspired phased
array realized at this scale (maximum volume of 6.36 cm3 per
unit cell), presenting unique fabrication challenges tackled
by the authors. The proposed shape-changing phased array

employs the eggbox origami structure, foldable along two
planes, multifaceted, and enabling a unit-cell approach to be
utilized, as shown in Fig. 1. Each unit cell incorporates the
antenna elements, a face-to-face feeding network, and four
on-structure beamformer ICs.

The proposed work therein presents several novelties. First,
the combination of mechanical and electrical reconfigurabil-
ity enables continuous 360◦ beamsteering through 2 degrees
of freedom (2-DOF) resulting in virtually infinite radiation
pattern reconfigurability capabilities. Second, the multifaceted
3-D nature of the phased array leads to highly reconfigurable
multibeam directional or quasi-isotropic patterns. Third, the
proposed origami-inspired phased array is fully contained
with on-structure beamforming RFICs and a flexible feed-
ing network that utilizes the first additively manufactured
foldable hinge interconnect (“arch” interconnect) exhibiting
near-constant insertion loss across folding angles and cycles.
The result of this is a lightweight prototype with a small form
factor. Fourth, a modular tile-based approach is employed;
realizing the proposed eggbox origami phased array through
scalable unit cells. This not only allows for scalability but also
reduces costs in case of failure, as unit cells can be individually
replaced. In addition, a modular tile-based approach allows
for the selective activation of specific unit cells of eggbox
faces based on desired patterns, TX/RX modes, and/or power
consumption requirements. Finally, the use of additive manu-
facturing techniques leads to reduced waste, faster fabrication,
and lower costs.

The eggbox phased array offers versatile application sce-
narios across various domains. First, it enables multimode
in-band full-duplex applications by selectively or simultane-
ously activating different faces or unit cells as transmitters
(TX) or receivers (RX). This capability allows the array to
function as an active transmit–receive relay system, where a
signal is received from one side and transmitted in another
direction, enhancing communication efficiency and reliability.
Second, its multifunctionality is exemplified by its multi-
beam capability, which is invaluable for autonomous vehicles.
Different beams can be allocated for specific tasks such
as communication, obstacle detection, and navigation or in
military applications where beams are used for jamming,
radar, and communication, ensuring comprehensive situational
awareness and operational effectiveness. Third, the eggbox
phased array can be deployed in search and rescue opera-
tions, particularly when mounted on an aircraft. Its geometric
configuration addresses the tradeoff between gain and angular
coverage; when unfolded, it provides wide angular coverage
for rapid search operations and can then be folded to offer
narrow beams with high gain for precise localization. Finally,
its ability to be easily folded and deployed is crucial for
space-constrained environments, such as space applications,
where compactness and efficient deployment are essential.
This adaptability presents the eggbox phased array as versatile
and impactful with broad applicability.

This article extends our previous work [16] with several new
contributions. First, we discuss the implications and effects of
shape change on antenna arrays in Section II-A, followed by
an overview of the practical aspects involved in the holistic
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Fig. 1. Conceptual illustration of an n × n origami-inspired eggbox antenna array with 2-DOF electrical beamsteering and mechanical shape change. Each
eggbox unit-cell face can be selectively activated in transmit or receive mode. A single unit cell is highlighted (α = 90◦), with a geometrically optimized
face-to-face feeding network and integration of four BFICs.

implementation of a shape-changing phased array, includ-
ing hardware realization, mechanical actuation, and electrical
calibration, as detailed in Section II-B. The folding action
of the proposed eggbox origami structure is mathematically
outlined in Section III-A, with the design and simulation
results of the 16- and 64-element eggbox phased arrays
demonstrating multibeam radiation pattern reconfigurability,
as presented in Section III-B. The additive manufactur-
ing fabrication process is further detailed in Sections IV-A
and IV-B, followed by the introduction of the umbrella-
inspired microservo-based actuation mechanism, presented for
the first time in Section IV-C. Finally, we report measurements
illustrating pattern reconfigurability due to mechanical shape
change and electrical beamsteering in Section V, followed
by a system-level orthogonal frequency-division multiplexing
(OFDM)-based communication testbed setup in Section V-B,
which demonstrates the validity and capability of additive
manufacturing in realizing functional prototypes with high
levels of technology readiness. These additions provide a
comprehensive extension and holistic analysis of our previous
work [16]. As will become apparent throughout this article,
the successful realization of a shape-changing phased array
requires a multidisciplinary approach, leveraging structural
engineering, materials, mechanics, and calibration techniques,
with electromagnetics playing a central role in orchestrating
and guiding the integration of these efforts.

II. OVERVIEW

A. Implications of Shape Change on Antenna Arrays
Shape-changing antennas can be seen as an extension of

conformal antennas, first introduced in 1987 [17]. Initially,
conformal antennas were defined as being mounted on flex-
ible and/or stretchable sheets. However, this concept can
be extended to shape-changing arrays that are multifaceted,
where the art of origami presents itself as a naturally elegant
choice for folding complex structures. These dynamically
shape-changing arrays can morph into different geometries,

unlike traditional conformal arrays that consist of a single
flexible sheet.

Traditional phased arrays, while versatile, are limited by
their fixed geometries, which constrain the achievable radiation
patterns, maximum gain, and steering range due to the fixed
element orientation and interelement spacing. Shape-changing
phased arrays, particularly those employing origami princi-
ples, can overcome these limitations by dynamically altering
their geometrical configuration, which allows for intentional
changes in antenna properties. As the array’s shape changes,
the relative positions and orientations of its elements also
change, effectively transforming it into a new array. This
results in changes in coupling and ground plane deformation,
which alter port impedances and individual element patterns,
and changes in orientation, which disrupt the overall array
pattern imposed by the element pattern. Consequently, the
interference pattern of the radiation is altered in both near
and far fields [18]. Moreover, transmission line propagation
characteristics change when bent or folded.

Shape change also fundamentally alters the array’s aperture
size, thereby affecting its maximum gain and steering range.
In fact, while there exists a tradeoff between maximum gain
and steering range, shape change can be employed to break
this tradeoff. This idea is further studied in [19] for spherical,
conical, and cylindrical phased arrays and for multifaceted
geometries in [17].

A planar phased array antenna typically cannot steer its
beam more than about 60◦ from the normal due to beam
broadening, mutual coupling, and impedance variations, which
lead to gain reduction. However, multifaceted phased arrays
capable of reconfiguring their shape offer a shape-controlled
gain that does not drop with scan angles, providing wider
angular coverage and near-limitless radiation patterns when
strategically combined with selective beamforming. Electrical
beamforming also improves the phased array’s performance
by compensating for the fact that only one geometric configu-
ration can ideally achieve a λ/2 spacing between its elements.
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Fig. 2. Practical realization of a shape-changing phased array antenna
requires the implementation of three interdependent efforts.

In summary, although shape-changing origami antennas
have been explored in the literature as aforementioned, com-
bining electrical beamsteering with shape change unlocks
unprecedented capabilities that remain largely uncharted.

B. Implementation of Shape-Changing Phased Arrays

A successful practical implementation of a shape-changing
phased array antenna necessitates the confluence of three inter-
dependent efforts: hardware realization (fabrication), a method
for mechanical control if shape change is utilized intentionally
or a technique for determining the geometrical configuration
if an uncontrolled external stimulus affects the shape, and a
digital control scheme for beam shaping and/or electronic cali-
bration. The relationship between the three efforts is illustrated
in Fig. 2.

1) Hardware Realization: The physical realization of a
shape-changing phased array requires a comprehensive under-
standing of applicable materials, design principles, and
fabrication processes. While paper [2], [20] and flexible
PET [3] have been extensively used to create origami antennas,
phased arrays require the incorporation of active integrated
circuits and structural rigidity. In addition, unlike most origami
antennas in the literature that are manually actuated, we advo-
cate for the use of programmable actuation mechanisms to
enable practical application scenarios, as will be discussed
in Section II-B2. The chosen actuation mechanism will also
influence the selection of materials.

Furthermore, when connecting antennas and RF circuitry on
different facets of the origami structure through transmission
lines, special attention must be given to the mechanical distor-
tion that these lines undergo during shape changes. The folding
interconnects must be flexible and mechanically reliable to
handle the sharp bends required for folding. Any instability in
electrical performance due to folding should be accounted for
or intentionally utilized to introduce controllable frequency
and/or pattern reconfigurability. This discussion pertains to
highly integrated shape-changing phased arrays, where the
radiators, phase shifters, amplifiers, digital circuitry, and feed-
ing networks are integrated on the shape-changing array.

Shape-changing arrays can also be categorized based on
their mechanical backbone structure: those where the dielectric
substrate itself forms the backbone and to which conductors
are directly printed onto it [13] and [14] or those using
a separate mechanical structure to create the origami tes-
sellations, with a flexible or rigid substrate attached to the
facets of the backbone structure [15], [21]. Given these con-
siderations, various fabrication techniques are available. For
fully contained and lightweight shape-changing phased arrays,
however, additive manufacturing techniques are particularly

promising as they allow for customized, on-demand fabrication
of complex geometries, integration of diverse materials in a
single manufacturing process, and support rapid prototyping.

In addition to the aforementioned considerations, thermal
management is a crucial factor when integrating active com-
ponents, such as beamformer ICs, onto foldable and thin
dielectric materials used in shape-changing phased arrays.
While the use of thermal via arrays has been adequate for
managing heat dissipation during short- to medium-duration
testing scenarios, as demonstrated in this work, more advanced
thermal management solutions will be required as the technol-
ogy matures. The flexibility offered by additive manufacturing
processes allows for the integration of heat-dissipating mate-
rials or even microfluidic-based cooling channels directly into
the flexible substrate beneath the beamformer ICs, as demon-
strated in [22].

2) Mechanical Control: The actuation of origami, or more
generally, conformal antenna arrays, falls under two main
categories: intentional actuation utilizing a controlled actua-
tion mechanism or uncontrolled in situ actuation where an
external stimulus acts on the antenna array, changing its shape.
To intentionally reconfigure the antenna characteristics through
folding and unfolding, the origami array can be actuated using
a multitude of ways. The feasibility and choice of the actuation
mechanism highly depend on the origami shape and materials
utilized. Most commonly, manual actuation (which cannot be
controlled) is employed, as is the case in most references on
origami antennas, unless otherwise noted.

Actuation mechanisms include manual actuation using
cables [15], motor-driven mechanisms [23], pneumatic actu-
ators that use air pressure to inflate, deflate, or deploy
structures [24], [25], and hydraulic actuators that fold origami
structures using liquid hydrogels [26] or microfluidic chan-
nels [27]. These methods utilize mechanical loads to actuate
the origami structure. Alternatively, active materials that recon-
figure in shape in response to stimuli can be utilized. This
includes shape memory alloys (SMAs), smart flexible mate-
rials controlled using a direct current [28], or SMA springs
as electromechanical actuators [29]. Shape memory polymer
(SMP) hinges can also be employed, which deforms upon
heating [30], [31], [32] or exposure to other external stimuli
such as light [33] or humidity [34]. Thermal actuation can
be achieved through multimaterial origami [35], [36], and
magnetic actuation provides noncontact actuation through an
externally applied magnetic field [37], [38] or using magnetic
soft materials (MSMs) [39]. Finally, 4-D printing can be
used, which allows for self-actuation as demonstrated by
Kimionis et al. [40].

On the other hand, if the array is deformed through an
external force, a method for knowing and reconstructing the
shape must be used to subsequently perform beam shaping or
to calibrate the array. This includes the use of flexible external
resistive sensors [41], [42], the array’s mutual coupling [43],
or, more recently, computer vision techniques [44].

3) Digital Control: While the analysis of a shape-changing
phased array for a given shape and beamforming configu-
ration is a mathematically tedious but straightforward task,
the synthesis of a desired pattern poses a more challenging,
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nonlinear problem with no unique solution. That is, while the
power of shape-changing phased arrays lies in their ability
to generate near-limitless patterns, the synthesis problem of
these patterns is rather complex. Moreover, while synthesis
techniques for linear arrays can be extended to planar antennas,
these methods cannot be directly carried over to confor-
mal or 3-D phased arrays or, more specifically, dynamically
shape-changing phased arrays, presenting a unique challenge.

To synthesize patterns for 3-D phased arrays, several meth-
ods exist, including the aperture projection method [19],
alternating projections [45], iterative least-mean-squares [46],
and polarimetric synthesis [47]. Optimization algorithms, such
as simulated annealing and genetic algorithms, are also used,
often integrated into commercial 3-D electromagnetic simula-
tion tools, as reviewed in [17].

Alternatively, calibration methods can be employed to find
the optimal beamforming configuration for a given antenna
geometry and for a desired pattern. For simple geometries,
calibration equations are effective [44]. Other approaches
include open-circuit [48], Huang’s algorithm [49], and mutual-
coupling calibration [50]. More recent methods, such as blind
beamforming based on cumulant analysis [51], remain theo-
retical and have yet to be applied to shape-changing phased
arrays.

Given the complexity of shape-changing structures, in situ
synthesis/calibration is often impractical due to high com-
putational demands. Presynthesized codebooks may be more
efficient, particularly with the potential integration of machine
learning algorithms to predict suitable element excitations.
Although machine learning has not yet been explored for
pattern calibration in shape-changing origami-inspired phased
arrays to the best of our knowledge, it offers promising
opportunities for future development.

4) This Work: The proposed work introduces several novel-
ties in the design of shape-changing, origami-inspired phased
arrays. It is the first to integrate active integrated circuits
directly onto the shape-changing structure itself. Moreover,
being the first shape-changing phased array of this scale,
it includes the first additively manufactured, reliably foldable
interconnect to connect different facets of the eggbox origami
structure, resulting in a fully contained and compact design.
Utilizing additive manufacturing techniques such as inkjet and
3-D printing, a flexible 3-D printed structure serves as the
mechanical backbone, onto which a flexible substrate encom-
passing the radiators, beamformer ICs, and feeding network
is attached. In addition, a proof-of-concept microservo-based
actuation mechanism is designed to electronically actuate the
origami eggbox structure. Finally, beam shaping and cali-
bration are performed based on a presynthesized codebook
containing strategic configurations selected through an analysis
of the dynamic morphology of the eggbox structure.

III. DESIGN AND SIMULATION

A comprehensive design and simulation processes of the
proposed eggbox phased array are presented. Section III-A
discusses the mathematical formulation and mechanical design
of the eggbox origami shape. Section III-B then presents
the design and simulation of both a single unit cell and a

Fig. 3. Eggbox origami unit-cell design: (a) 3-D structure in the unfolded
state and (b) planar outline.

2 × 2 unit-cell eggbox phased array, showcasing its modes of
operation, capabilities, and electrical/mechanical reconfigura-
bility.

A. Eggbox Origami Unit-Cell Design

The eggbox origami is a bidirectional symmetric and non-
developable pyramidal truss structure, where the orientation
of the pyramids alternates in a chequerboard-like fashion [see
Fig. 1(a)]. It features additional degrees of reconfigurability
compared to the widely used Miura-Ori origami, as it has the
ability to compress in two orthogonal directions [52]. This
increased flexibility, combined with its simpler fabrication
using flexible 3-D printed materials compared to more com-
plex tessellations, such as the waterbomb origami tessellation,
made the eggbox the optimal choice for this application.

An eggbox origami unit cell is shown in Fig. 3(a) and can
be defined by two lengths, l1 and l2. When the eggbox is in its
natural unfolded state, the fold angles α and β will be equal
and given by

α = β = 2 × arccos

(√(
1 −

l2
2

2l2
1

))
. (1)

In this work, l1 = l2 = 45 mm was chosen to accommodate
the printed antenna elements and ensure good foldability.
As such, α = β = 90◦ (unfolded). When folded, the math-
ematical relationship between α and β is discussed in [53].
A volumetric boundary box of an eggbox unit cell is given by
the dimensions w, l, and h, respectively, calculated by

w = 2 l1 sin (0.5β) (2)
l = 2 l1 sin (0.5α) (3)
h = l1 cos (0.5α) + l1 cos (0.5β). (4)

As will be apparent in Section III-B, it is convenient to
utilize a planar mapped projection of the 3-D eggbox origami.
Given that the eggbox is a nondevelopable origami structure,
it cannot be unfolded into a flat sheet without stretching or
cutting. Therefore, a cut along one of the four eggbox faces
allows for a planar structure of the eggbox [see Fig. 3(b)],
with a sector angle given by

ϕs = arccos
(

2l2
1 − l2

2

2l2
1

)
. (5)

Comprehensive mathematical modeling and parameterization
of the eggbox structure is provided in [54] and [55].
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Fig. 4. Two-dimensional mapped layout of the proposed eggbox antenna
array.

Fig. 5. Fabricated geometrically constrained and nonsymmetric four-port
T-junction-based feeding network.

B. Eggbox Phased Array Design

The 2-D planar layout of the proposed unit cell is shown
in Fig. 4 and consists of four individually controlled faces.
Each face consists of a linear four-element patch antenna array,
controlled by an AWMF-0108 beamformer RFIC through a
serial peripheral interface (SPI). The AWMF-0108 is a 28-GHz
quad-core IC supporting four radiating elements and TX/RX
half-duplex operation, with integrated amplifiers and phase
shifters. The amplifiers are capable of providing amplitude
increments of 1 dB, and the phase shifters are capable of
providing phase increments of 11.25◦. The patch antenna
elements are designed at 28 GHz in CST Microwave Studio on
the 3-D eggbox structure in its natural unfolded state, as shown
in Fig. 1(b). The elements are inset-fed and placed half a
wavelength apart to provide the largest steerable beam angle
range while avoiding grating lobes. They have dimensions of
lp = 2.95 mm, wp = 3.37 mm, r1 = 1.07 mm, and r2 =

0.65 mm, which takes mutual coupling effects into account.
The four beamformer ICs on each of the four eggbox faces

have a common RF input/output, facilitated through a face-to-
face feeding network. Due to the dynamic 3-D morphology
of the eggbox structure, a symmetric feeding network is not
feasible. As such, ensuring phase/amplitude power balance
across all four branches becomes a nontrivial task. While any
phase/amplitude imbalance can be compensated for using the
beamformer ICs, it is imperative to highlight the 11.25◦ dis-
crete phase resolution of the utilized beamformer IC. As shown
in Fig. 4, tuning the lengths of the four branches is constrained
by the fixed location of the input and four output ports
determined by the position of the beamformer ICs. Adjusting
the length of the branch transmission lines is, therefore,

Fig. 6. (a) Simulated active reflection coefficient of the four patch antenna
elements on a single face. (b) Simulated electronic beamsteering using BFICs
A–D on each eggbox face and using three BFIC configurations.

achieved through a “U-Shaped” structure incorporated within
two branches. As shown in Fig. 5, a four-port T-junction-
based feeding network is designed and fabricated. Given that
branches cannot be of equal length (e.g., L1 and L2 or L3 and
L4), optimization is carried out such that at every T-junction,
the length difference of the two splitting branches is a multiple
of λ/2 for no phase difference. Nevertheless, measurements
of the fabricated prototype reveal a maximum amplitude
and phase imbalance of 0.8 dB and 15◦, respectively. This
is accounted for using the beamformer IC, resulting in a
maximum amplitude and phase imbalance of 0.2 dB and 3.75◦,
respectively, and is found to have negligible effect on the
beamsteering performance of the eggbox phased array.

The simulated active reflection coefficients as seen by a
beamformer IC are shown in Fig. 6(a) for the four elements
excited with the required phases to radiate simultaneously,
radiating a beam at boresight. This phase takes into account
the needed phase compensation due to not only the face-to-
face feeding network but also the different transmission line
lengths connecting the patch elements to the BFIC’s RF ports.
Moreover, the total efficiency of the elements is found to be
−2.36 dB at the frequency of resonance.

Looking at the eggbox phased array as a multisurface array,
one possible operating mechanism is to use one face (surface)
at a time. The beam from one planar face is phase-steered to
the maximum edge of the steering range at which the adjacent
plane face takes over. Fig. 6(b) shows the simulated radiation
pattern of nine individual beams overlaid in the azimuth
plane. Each eggbox face (A–D) covers one quadrant of the
azimuth plane, ensuring a continuous 360◦ angular coverage.
The radiation patterns of single-face activation operation are
also plotted in the 2-D plane in Fig. 7. For a uniformly spaced
linear array separated with interelement spacing d, the required
phase difference applied to each element i to steer the beam
by an angle θ from boresight is given by

1φi =
2π

λ
d sin(θ). (6)

Activating all four beamformer ICs of an eggbox unit-cell
results in the radiation patterns shown in Fig. 8. Applying the
required element phases to each of the four patch elements
on each eggbox face to beam at boresight produces four inde-
pendent diagonal beams [see Fig. 8(a)]. Steering the beams
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Fig. 7. Simulated 2-D patterns of a 16-element unit-cell eggbox. Selec-
tive activation and three beamsteering configurations for (a)–(c) face A,
(d)–(f) face B, (g)–(i) face C, and (j)–(l) face D. * indicates maximum gain.

to θ ≈ 40◦ in the directions illustrated in the beamsteering
maps shown in Fig. 8(e) and (f) results in a constructive
combination, producing two beams along the x- or y-axis.

Building on that, a 2 × 2 unit-cell eggbox phased array
(64 elements) is simulated in its natural unfolded state. The
radiation patterns for a select number of beamforming con-
figurations are shown in Fig. 9(a)–(c) with the corresponding
beamforming maps shown in Fig. 9(d)–(f). In Fig. 9(a), all
16 faces are electronically configured to beam at boresight.
In Fig. 9(b), the 12 outer faces are activated to beam at
boresight, with the four inner faces turned off. Moreover,
while all faces are still beaming at boresight, an additional
phase shift of 1φ = 90◦ is sequentially applied to each
eggbox unit cell. That is, the activated elements of the top-right
eggbox are beaming at boresight and are 90◦ out-of-phase
with respect to the top-left unit-cell eggbox. Similarly, the
bottom-right and bottom-left unit cells are 180◦ and 270◦ out-
of-phase with respect to the top-left unit cell, respectively.
While the resulting radiation pattern is still of a diagonal four-
beam configuration, the position of the nulls and peaks have
been manipulated. Due to the unique 3-D morphology of the
eggbox origami structure and consequently the spatial position
and orientation of antenna elements, the phase difference 1φ

applied to the elements may be with respect to other elements
on the same face, different faces of an eggbox unit cell, or with
respect to other unit cells. This framework presents a plethora
of possible configurations, of which we have only presented
a select few for demonstration purposes. Finally, a quasi-
isotropic radiation pattern is obtained in Fig. 9(c) by applying
the beamforming scheme in Fig. 9(f).

Fig. 8. Simulated 2-D patterns of a 16-element unit-cell unfolded (α = 90◦)
eggbox phased array. All faces are activated, and beamforming is utilized to
modify the radiation patterns from (a) four-beam to (b) and (c) two-beam
configurations, with the corresponding beamforming maps shown in (d), (e),
and (f), respectively. Each quadrant represents an eggbox face (four elements)
with the arrows indicating the beamsteering configuration applied.

Fig. 9. Simulated 2-D patterns of a 64-element unfolded (α = 90◦)
eggbox phased array (2 × 2 unit cell). Activated faces are shown in green,
and beamforming is utilized to modify the radiation patterns from (a) and
(b) four beams to (c) quasi-isotropic radiation patterns. The corresponding
beamforming maps are shown in (d)–(f), were each quadrant represents an
eggbox unit cell (16 elements) with the arrows indicating the beamsteering
configuration applied to a face.

The concept of manipulating the position of the radiation
pattern’s nulls and peaks is further explored with a unit cell
and 2 × 2 unit-cell eggbox phased array, as shown in Fig. 10.
In both cases, half the number of faces is activated to produce
two diagonal beams for demonstration purposes. While all
antenna elements are beaming at boresight, a 180◦ phase
difference is applied to the elements of opposite faces in
Fig. 10(d)–(f) and (j)–(l). This is illustrated using arrows of
two colors on the beamforming maps in Fig. 10(f) and (l).
Complementary patterns are shown between the two beam-
forming configurations of each phased array were the position
of the nulls and peaks are interchanged. On the 1-D patterns
of a plane cut along the direction of the beam [see Fig. 10(b),
(e), (h), and (k)], the positions of the nulls at 0◦, ±15◦, ±30◦,
and so on are interchanged with peaks when a phase shift of
1φ = 180◦ is applied as aforementioned.

Finally, a 64-element (2 × 2 unit cell) eggbox phased array
is mechanically folded along the y-axis to a fold angle of
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Fig. 10. Simulated 2-D patterns, 1-D cuts, and corresponding beamforming
maps of unfolded (α = 90◦) eggbox array structures with half the num-
ber of faces activated, producing two beams. Complimentary patterns are
demonstrated where nulls are transformed to peaks and vice versa through
beamforming for (a)–(f) a unit cell (16-element) and (g)–(l) 2 × 2 unit-cell
(64-element) eggbox. The arrows indicate the beamsteering configuration
applied to a face. While all activated faces are configured to beam at boresight,
the blue arrows have a phase offset of 180◦ relative to the black arrows.

α = 18◦ (compressed state). The outer faces are then activated,
and the beamforming is utilized to steer the beams to various
positions in the 2-D plane. This is simulated in Fig. 11 for two
beams—steering from the far left [see Fig. 11(a)] to the far
right [see Fig. 11(e)] and from the outer edges [see Fig. 11(c)]
to the center [see Fig. 11(f)].

IV. FABRICATION

This section outlines the eggbox phased array fabrication
process. Section IV-A covers the design of an additively man-
ufactured foldable interconnect, enabling the fully contained,
shape-changing phased array discussed in Section IV-B.
Section IV-C presents an umbrella-inspired mechanical actua-
tor to control the folding angle.

A. Fully Foldable mm-Wave Hinge Interconnect

As aforementioned, the designed face-to-face feeding net-
work extends over foldable hinges required to realize the
eggbox origami. While efforts have been directed at designing
flexible [56] and stretchable [57] additively manufactured
interconnects, it is imperative to note that these efforts differ
from the challenge of fully bending interconnects over a small
radius (r ≤ 2 mm) due to the high levels of applied tensile
and compressive stresses.

Fig. 11. Simulated 2-D patterns of a folded (α = 18◦) 2 × 2 unit-cell (64-ele-
ment) eggbox phased array. Beamforming is utilized to steer the beam(s) to
the (a), (b) left, (c) exterior-center, (d), (e) right, and (f) interior-center.

Fig. 12. Construction of the proposed “arch” interconnect. (a) Rogers
substrate is initially laid flat on the flexible mechanical structure and then
(b) adjusted according to the values of d1 and d2. The stackup thicknesses
are t1 = 0.035 mm, t2 = 0.13 mm, and t3 = 1.27 mm.

The absence of a robust solution to this specific bending
requirement has, up until now, hindered the realization of fully
contained origami antenna arrays at this miniaturized scale
and at mm-wave frequencies. Our proposed foldable “arch”
hinge interconnect, as shown in Fig. 12, successfully addresses
this challenge. It is the first additively manufactured flexible
interconnect that not only withstands static bends (unchanging
deformation) but is also durable enough to endure dynamic
bends, repeatedly folding from its unfolded state (0◦) to its
fully folded state (180◦).

The stackup consists of a flexible 3-D printed hinge
for mechanical support and a flexible Rogers RO3003 sub-
strate (130 µm thick) onto which a 50-� transmission line
is inkjet-printed using the fabrication process detailed in
Section IV-B. The RO3003 substrate is initially laid flat on
the flexible mechanical structure [see Fig. 12(a)], and then,
two points on the substrate located at a distance d2 from
the center of the hinge are shifted to the fixed points on the
mechanical structure located at a distance d1 [see Fig. 12(b)].
This effectively forms the “arch” interconnect topology. In this
configuration, the flexible substrate is arched upward in the
unfolded state, reducing the stresses exerted on the intercon-
nect when folded. Essentially, the interconnect’s midpoint,
denoted as “P,” experiences no stress. This allows for repeated
folds without observing any microcracks or a change in
resistance and RF performance of the printed conductor trace.

A fabricated “arch” interconnect is shown in Fig. 13(a),
where d1 = 8 mm and d2 = 10.5 mm have been used.
Consequently, the arch height (h) is found to be 13.78 mm,
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Fig. 13. (a) Fabricated “arch” interconnect. (b) Three-dimensional printed
fixtures for various bend angles. Measured transmission coefficient for differ-
ent (c) fold angles and (d) bend cycles at 28 GHz. Note that l2 ≥ l1.

Fig. 14. Mechanical stackup (a) inkjet-printed phased array, face-to-face feed-
ing network, and beamformer ICs on a Rogers RO3003 substrate, (b) flexible
mechanical structure with integrated sleeves, (c) rigid support structures, and
(d) umbrella-inspired actuation mechanism.

which can be approximated by

h ≈
(d1 + 1d)2

d1
=

d2
2

d1
(7)

where 1d = d2 − d1. Furthermore, it is to be noted that the
length l2 of the arch interconnect is 21d longer than the flat
interconnect of length l1, where

l1 = 2d1 (8)
l2 ≈ 2(d1 + 1d) = 2d2. (9)

Interconnect test fixtures of different bend angles are 3-D
printed and shown in Fig. 13(b). RF measurements validate
near identical performance for different bend angles [see
Fig. 13(c)] and no degradation in performance until at least
300 folds [see Fig. 13(d)] with S21 remaining near constant at
−0.02 dB/mm for all folding angles between 0◦ and 180◦ and
throughout the frequency range of 24–32 GHz. These results
provide strong evidence that the measurements presented in
Section V are both repeatable and reproducible.

B. Additively Manufactured Eggbox Phased Array

The fabrication process of the proposed origami-inspired
phased array involves a streamlined four-stage approach,
as illustrated in 14. The phased array elements, feeding
network, and bias lines are first inkjet-printed on a flexible
substrate, with the beamformer ICs subsequently attached [see
Fig. 14(a)]. This substrate is then adhered onto a flexible 3-D

Fig. 15. Fabrication process: (a) flexible 3-D printed eggbox origami
structure, (b) 3-D printed rigid support structures added for mechanical
robustness, and (c) fully assembled eggbox phased array unit cell.

printed eggbox origami structure [see Fig. 14(b)] with the
addition of rigid 3-D printed support structures for improved
mechanical durability [see Fig. 14(c)]. Finally, the eggbox
phased array is affixed onto the actuation mechanism [see
Fig. 14(d)], as discussed in Section IV-C.

First, the phased array is additively manufactured using
an inkjet-printed masking technique followed by chemical
etching. The patch elements and RF circuitry are inkjet-printed
onto a flexible Rogers RO3003 substrate, with εr = 3.0,
tan δ = 0.001, and a thickness of h = 130 µm. The inkjet
printing involves depositing six layers of SU-8 photoresist
utilizing the Fujifilm Dimatix DMP-2831 inkjet printer and
using a Samba cartridge with a drop volume of 2.4 pL.
Following this, a UV crosslinker cures the resulting pattern,
which is then submerged in a ferric chloride (FeCl3) bath,
etching any exposed copper. Finally, the substrate is washed
with acetone (dimethyl ketone) to remove the SU-8 dielectric
layers. To ensure efficient thermal management, a 3 × 3 via
array, featuring 0.2 mm via hole diameters, is mechani-
cally drilled into the BFIC’s ground pad and subsequently
filled with conductive silver paste (LPKF ProConduct; ρ =

9.42 × 10−6 �m). The substrate then undergoes thermal sin-
tering at 160 ◦C for 30 min. Solder paste (63Sn/37Pb) is then
applied to all pads, followed by solder reflow utilizing a heat
gun to affix the four 6 × 6-mm QFN packaged beamformer
ICs. Finally, header pins are soldered to provide access to the
biasing and SPI control lines.

Second, an origami eggbox unit cell is designed in a
3-D CAD software, implementing mathematical formulations,
as outlined in Section III-A, and incorporating the pro-
posed hinge structure discussed in Section IV-A. The origami
structure is 3-D printed using a Formlabs Form 3+ stere-
olithography (SLA) printer, utilizing Formlabs flexible80A,
a flexible photopolymer resin, as shown in Fig. 15(a). Flexi-
ble80A is a translucent elastomer with a rubber-like feel that is
able to withstand bending, even through repeated cycles, while
still having the structural strength to keep its shape. While it
is only necessary for the four hinge sections to be flexible
(foldable), utilizing a single-body/single-material mechanical
structure where the hinges are integrated with the mechanical
structure facilitates the fabrication process. The SLA 3-D
printed Flexible80A structure is both mechanically durable
and flexible enough to allow the integration of foldable hinge
sections. Moreover, the orientation during 3-D printing and
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Fig. 16. (a) Umbrella-inspired actuation mechanism, folding along α in the
xz plane and along β in the zy plane. Eggbox phased array in different folding
configurations. (b) α = 18◦, (c) α = 54◦, (d) α = β = 90◦, (e) β = 54◦, and
(f) β = 18◦. ξ denotes the distance from the base to the lower edge of the
linear gear.

the UV curing duration were found to be crucial parameters,
impacting hinge flexibility. A different curing duration affects
the rigidity of the material due to the change in the material’s
particle alignment. To solidify the material, the printed struc-
ture undergoes sonication in an IPA bath for 20 min, followed
by a 15-min UV curing treatment, which was found to be
optimal.

Third, to improve mechanical robustness and facilitate oper-
ability, 3-D printed rigid support structures are affixed onto
the eggbox structure. These structures, as shown in Fig. 15(b),
increase the rigidity of the four eggbox faces, which was found
to be particularly beneficial in supporting the additional weight
of the RF connector, RF coaxial cable, and beamformer IC bias
jumper wires used for measurement purposes in Section V-B.
The structures, printed using a fused deposition modeling
(FDM) 3-D printer utilizing a PLA filament, are precisely
designed to avoid obstructing the folding action of the eggbox
origami.

Finally, the substrate with integrated beamformer ICs is
affixed onto the flexible 3-D printed origami structure using
an adhesive, as shown in Fig. 15(c). A 2.92-mm narrow block
Southwest End Launch connector is then attached, followed
by an assembly to the actuation mechanism, as discussed in
Section IV-C. The resulting eggbox phased array, weighing
44 g and occupying a maximum volume of 6.36 cm3 in
its natural unfolded state, exemplifies the success of this
fully contained, lightweight, and compact prototype achieved
through additive manufacturing.

C. Folding Actuation Mechanism

To fold the origami-inspired phased array to different
folding angles, an umbrella-inspired actuation mechanism is
designed, 3-D printed, and assembled. The mechanism consists
of several key mechanical components, including a rib with
kinematic joints that facilitate the movement of the armatures,
a runner that slides along the shaft, and a shaft that provides
structural support and a pathway for the runner’s movement
[see Fig. 14(d)]. A notch in the flexible eggbox structure
allows it to secure onto the shaft, and hollow sleeves allow
the attachment to the actuation mechanism’s ribs.

As shown in the fabricated prototype of Fig. 16(a), a circular
gear (pinion) is attached to a servo motor (SG90 microservo),
which drives a linear gear (rack). The linear gear, in turn,

Fig. 17. (a) Radiation pattern measurement setup. (b) Mounting brackets
(for different plane cuts) and antenna fixtures (for different bend angles).

translates the rotational motion of the circular gear into linear
motion through

dα = d90 + r1ω (10)

where dα is the distance from the fixed notch to the runner
when the eggbox is at a folding angle α (degrees), r is the
radius of the circular gear, and ω is the angular rotation in
radians.

The linear motion of the linear gear then moves the runner
along the shaft, which leads to a change in the folding angle
of the eggbox phased array. The folding angle, α, is mapped
to the linear distance through the nonlinear relation given by

α = 2 × arccos
(

d2
α − L2

arm + L2
rib

2L rib · dα

)
(11)

where Larm and L rib are the designed lengths of the armature
and rib, respectively, as illustrated in Fig. 14(d). Practically,
and due to symmetry, 18◦

≤ α ≤ 90◦. Consequently, this leads
to 0 ≤ 1ω ≤ 1/r(d18 − d90) = 2.57 rad = 0.4 revolutions. For
1ω = 0, dα = d90 = 48.3 mm, and rotating the servo motor
by 1ω increases dα , which consequently decreases α.

An Arduino Nano microcontroller is used to drive the servo
motor, and a control program is written to adjust the eggbox
folding angle according to (10) and (11). Push buttons with
preset folding angles are also used for demonstration purposes,
as shown in Fig. 16(a). The eggbox phased array is attached
to the actuation mechanism and folded to various angles,
as shown in Fig. 16(b)–(f). The proposed actuation mechanism
can change the shape of the eggbox phased array from its
natural unfolded state (α = β = 90◦) to its folded state
(α = 18◦) in less than 255 ms and provides an angular
precision of 1α = ±0.4◦ at worst.

V. MEASUREMENTS

The 2-DOF mechanical and electrical reconfigurability
of the eggbox phased array is demonstrated. Section V-A
measures radiation patterns for various electrical/mechanical
configurations, while Section V-B validates the prototype’s
performance in a real-world communication testbed.

A. Reconfigurable Radiation Pattern Measurements

The radiation patterns of the fabricated prototype are mea-
sured in an anechoic chamber [see Fig. 17(a)] for different
eggbox bend angles (mechanical reconfigurability) and beam-
former IC configurations (electrical reconfigurability). Rigid
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Fig. 18. Simulated and measured normalized radiation patterns for eggbox mechanical bend angles of α = 90◦, α = 54◦, and α = 18◦.

Fig. 19. (a) Simulated and (b) measured electronic beamsteering capability
of a selectively activated eggbox face.

3-D printed fixtures for three different eggbox bend angles
(α = 18◦, 54◦, and 90◦) are designed and used to attach the
eggbox phased array onto an automatic antenna rotator system.
This attachment is done through other 3-D printed mounting
brackets that allow rotation in the azimuth or elevation planes
or in the plane normal to an eggbox face, as shown in
Fig. 17(b).

The beamformer ICs (AWMF-0108) are powered using a
1.8-V power supply and controlled through an SPI protocol.
All SPI control lines from the beamformer ICs are connected
to the NI USB-8452 master interface, which, in turn, provides
a single USB connection to a computer. The beamformer ICs
are connected in a daisy-chain topology that allows for multi-
ple BFICs to be configured serially through a MATLAB script.

1) Radiation Pattern Reconfigurability Due to Mechanical
Shape Change: Initially, the beamformer ICs are config-
ured such that each planar face would beam at boresight.
Measurements are taken in two plane cuts (θ and φ cuts),
as defined by the coordinate system illustrated in Figs. 17(b)
and 20. In each plane, the cross-polarization and copolarization
patterns are measured and plotted against simulated patterns.
The resulting normalized absolute patterns are also compared
to the simulated patterns, as shown in Fig. 18, for three
different mechanical fold angles: α = 90◦ (uncompressed),

α = 54◦, and α = 18◦ (fully compressed). The measured and
simulated results demonstrate a high degree of agreement. Any
slight discrepancies fall within the expected tolerances for such
systems and are justified by the manual additive manufacturing
fabrication process of the prototype. In addition, since the
flexible substrate onto which the antenna elements are printed
is manually positioned onto the flexible eggbox structure,
slight errors in the distance between antenna elements of
different eggbox faces exist (refer to Fig. 15). Folding the
eggbox phased array along the y-axis (decreasing α) enables
a seamless transition in the radiation pattern, transforming
it from four independent beams to a quasi-isotropic pattern
and, finally, to two beams along the y-axis. By folding along
the x-axis instead, symmetrical patterns can be achieved.
For a given bend angle, the position of the pattern’s nulls,
beamwidth, and gain can then be independently controlled
by providing the right phase conditions to the 16 radiating
elements using the beamformer ICs.

Furthermore, it is worth remarking that when the eggbox
phased array is in the natural uncompressed state (α =

90◦), the structure is completely symmetric, and as such,
the cross-polarization and copolarization radiation patterns are
identical in the φ plane and rotated by 90◦ (clockwise) in the
θ plane. In the uncompressed state, the eggbox phased array
is, therefore, circularly polarized. As the eggbox phased array
folds and the spatial position and orientation of the elements
change, the phased array’s polarization is transformed toward
a more linear polarization or, more specifically, an elliptical
polarization with a high axial ratio. The result is clearly shown
through the radiation patterns of the eggbox phased array in
the compressed state (α = 18◦). In that mechanical state,
eight antenna elements (four elements on two adjacent faces)
form a “∨” shaped array. The maximum realized gain of the
cross-polarization measurement in the φ plane is −34.8 dBi,
clearly demonstrating that the phased array is almost linearly
polarized. Moreover, the absolute radiation pattern is nearly
identical to the copolarization pattern.

2) Radiation Pattern Reconfigurability due to Electrical
Beamsteering: Next, a planar face (four radiating elements)
is selectively activated to demonstrate the beamsteering capa-
bility. The steering range is simulated [see Fig. 19(a)] and
measured [see Fig. 19(b)] at 28 GHz, and good agreement
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Fig. 20. Block diagram of (a) transmit and (b) receive RF chains.

Fig. 21. SDR testbed measurement setup.

is shown. The −3-dB steering range (at which the gain
drops by 3 dB relative to the main beam power) was found
to reach ±54◦. A SLL of −7.0 (simulated) or −4.2 dB
(measured), however, results in a steering angle range of ±41◦.
An increase in the measured SLL can be explained as a result
of fabrication tolerances and the presence of a large number of
cables for digital control. In general, increasing the number of
radiating elements from four per eggbox face would decrease
the SLL, in addition to decreasing the beamwidth, and, as a
result, increasing directivity. Amplitude tapering can also be
applied to improve the performance. A slight asymmetry in
the measured results can be explained by measurement errors,
such as a slight misalignment between the horn antenna and
eggbox phased array, which is manually carried out. Moreover,
any slight misalignment is more pronounced in the eggbox
phased array due to the 3-D arrangement of the individual
elements (compared to a planar antenna).

The measured gain of a single four-element eggbox face is
5.6 dB at boresight (main beam power) and reaches 9.6 dB if
the beamformer IC is utilized for amplification. The dc power
consumed by a single face is around 882 mW if the beam-
former is to be used in the transmit mode, 576 mW if to be
used in the receive mode, and 48.8 mW in the standby mode.

B. System-Level Communication Testbed Demonstration

To further demonstrate the functionality and robustness of
the additively manufactured origami-inspired phased array,
a real-world communication testbed is set up to transmit a
54-MB video file. A 28-GHz OFDM-based testbed is put up,

Fig. 22. Measured constellation diagram of the demodulated QPSK signal
received by the origami-inspired phased array.

utilizing commercial-off-the-shelf components for the transmit
and receive RF chains, with the origami-inspired phased array
used as the receiver chain’s antenna.

The transmit chain, as shown in Fig. 20(a), consists of
a Linux-based computer machine, a software-defined radio
(SDR), and a phased array module with an integrated RF front
end. The SDR (USRP X310), capable of covering dc-6-GHz
with up to 160 MHz of baseband bandwidth, is controlled by
the GNU Radio development framework and is programmed
to perform QPSK modulation with an output intermediate
frequency (IF) of 3.5 GHz. The Sivers EVK02004 module
then upconverts the signal to 28 GHz and transmits it through
its integrated 4 × 4 element phased array. At the receiver
chain [see Fig. 19(b)], the origami-inspired phased array is
used in RX mode to receive the incoming 28-GHz signal.
The ADMV1014 downconverter is then used in conjunction
with the ADF5355 frequency synthesizer to output a 4.8-GHz
downconverted signal. Finally, the signal is processed by the
USRP X310 SDR. The measurement setup is shown in Fig. 21.

The quality of the measured demodulated signal is visual-
ized through the IQ constellation plot, as shown in Fig. 22.
As illustrated, the QPSK constellation, consisting of four
equally spaced signal points, is clearly reconstructed. Further
signal processing techniques can be employed to enhance sig-
nal clarity. As aforementioned, since an OFDM-based system
is utilized, the issue of carrier frequency offset (CFO) naturally
arises. CFO, which describes the mismatch between the carrier
frequencies at the transmitter and receiver, is one of many non-
ideal conditions that may affect signal integrity. While a CFO
of 0.1 MHz is measured (4.7999 GHz compared to 4.8 GHz),
the received signal is still successfully decoded. In addition,
an error vector magnitude (EVM) of −15.4 dB is measured,
which is adequate for demonstration purposes considering the
multitude of RF modules used in the transmit and receive
chains, the additively manufactured prototype, and the limited
signal processing algorithms utilized. The video file is suc-
cessfully transmitted and received using the origami-inspired
phased array with an average measured throughput of 1.2 Gb/s.
Therefore, it takes approximately 0.36 s to receive the entire
54-MB file.

VI. CONCLUSION

This article presents the design, fabrication, actuation, and
calibration of an origami-inspired eggbox phased array at
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mm-wave frequencies. As the first shape-changing phased
array realized at a millimeter scale, it demonstrates unparal-
leled capabilities in radiation pattern reconfigurability, utilizing
two-degree-of-freedom (2-DOF) mechanical shape change and
electrical beamsteering. By breaking the tradeoff between gain
and angular coverage, the eggbox phased array addresses the
limitations of conventional planar arrays and prior origami-
inspired designs. The additively manufactured eggbox phased
array is multifaceted, enabling multibeam capabilities, fully
contained with on-structure beamforming ICs and a flexible
feeding network for high integration levels, and is modular and
tile-based, allowing for a scalable design. The eggbox phased
array is utilized in an OFDM-based mm-wave communication
testbed to decode a QPSK-modulated video file at a throughput
of 1.2 Gb/s, demonstrating the validity of the additively
manufactured prototype in a real-world scenario.

This article also lays the foundational framework for a
new category of shape-changing phased arrays, emphasizing
the multidisciplinary efforts required, including multimaterial
fabrication techniques, programmable folding mechanisms,
and beam-shaping/calibration methods. While this initial
demonstration showcased a select set of presynthesized
codebook-based radiation patterns, future breakthroughs in
real-time ML/AI-enabled 4-D pattern synthesis algorithms will
enable arbitrary beam shaping of morphing phased arrays,
unlocking unprecedented potential for massive MIMO sys-
tems. Concurrently, the development of custom measurement
setups with batch measurement capabilities and advanced test-
ing protocols will allow for a comprehensive characterization
of the near-limitless combinations of geometric tessella-
tions and electronic beamforming configurations. Moreover,
advancements in flexible, additively manufactured multilayer
stackups will improve the digital routing of beamformer ICs
between eggbox faces, reducing the number of external control
wires and resulting in more compact and integrated struc-
tures. Finally, the development of programmable materials and
novel actuation mechanisms for origami structures will enable
the scalability to large-scale (n × n) unit cells, enhancing
beamsteering precision, gain, coverage angles, and radiation
pattern reconfigurations. These advancements will drive a
paradigm shift in 5G/beyond-5G sensing and communication
applications for digital awareness.
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