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ABSTRACT We investigate using a reconfigurable metamaterial structure based on high permittivity
dielectric elements in a flexible origami framework to control the electromagnetic response of a suspended
patch antenna. Origami-inspired dielectric structures are fabricated by additive manufacturing of origami
elements using an ABS-30 vol% BaTiO3 filament (permittivity∼11). The printed millimeter-scale elements
are then assembled into an origami structure using flexible polymer hinges. Alternatively, dielectric origami
structures are also achieved using a flexible, polymer-only origami lattice pre-fabricated by stereolithography
into which shaped high dielectric elements (permittivity ∼18) of ABS-60 vol% CaTiO3, manufactured by
field assisted sintering, are inserted. The various dielectric origami designs are inserted into the air gap
between a suspended patch antenna and a ground plane, designed to operate at a resonant frequency of 1GHz.
The presence of the dielectric origami modifies the antenna resonant frequency and tunablity is then achieved
through different configurations of the dielectric origami, actuated by hand or mechanically. Tunability
arises because varying the configuration, and overall density, of the dielectric origami varies its effective
permittivity and thus the patch resonant frequency. The dielectric origami structures provide a tunable range
up to∼14%, in good agreement with numerical simulations. Simulations are also used to show how broader
tunability could be achieved easily, for example, by optimizing the size of the dielectric elements. Overall, the
results using these preliminary dielectric origami structures, enabled by combining advanced manufacturing
techniques, suggest that the approach offers a wide design space with the potential to realise novel antenna
functionality and flexibility.

INDEX TERMS Additive manufacturing, dielectric substrates, effective permittivity, origami dielectrics,
patch antennas.

I. INTRODUCTION
Continuous advancement of wireless communication [1], [2]
and the growing number of applications requiring wireless
connectivity have boosted the demand for compact wireless
systems capable of multi-frequency and multi-band oper-
ation. To meet the increasingly stringent requirements on
bandwidth and limited device space, it has become crucial for
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antennas to have wideband frequency reconfigurability capa-
bilities [3], [4]. Achieving reconfigurability in an antenna, for
example, by adding the capability of modifying its operating
frequency, bandwidth, and/or radiation properties dynami-
cally, can significantly improve the system performance and
reduce the number of antennas needed to meet certain com-
munication requirements [5].

Common methods to achieve the reconfigurability of
antennas can be grouped into three categories: electronic
devices, tunable materials, and mechanical actuation [6].
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Examples from electronic devices include pin diodes [7],
varactor diodes [8], microelectromechanical switches
(MEMS) [9], or even a combination of these [10], where
antenna radiation characteristics are electrically modified
through switching or tuning elements.

However, these methods present a number of drawbacks
and limitations. The operation of active devices requires
bias voltages or currents to realize the desired variation of
electrical parameters or properties; the biasing and control
circuits can considerably increase the complexity of the sys-
tem, and introduce additional losses, therefore increasing
power consumption. Moreover, due to the non-linear nature
of active devices, spurious frequency components can be
produced. Another issue is that the power handling of these
reconfigurable antennas is limited by the risk of an electrical
breakdown of the active components, precluding their use in
high-power applications.

Tunable materials such as ferroeletrics, ferrites, liquid
crystal and semiconductors can be contrived with electri-
cal properties that can be controlled by the application of
external bias (e.g. heat, electric or magnetic field, optical
radiation, etc). However, they generally require high bias
voltages or high DC power consumption and show unwanted
thermal sensitivity. An overivew of tunable materials can be
found in [6].

Recently, mechanical actuation using microfluidics to
reconfigure tunable antennas was shown to provide
significant performance advantages compared with conven-
tional reconfigurable antennas, including: improved linearity
and higher power handling, together with the possibility
of achieving continuous tuning and lower overall power
losses/consumption. In these antennas the microfluidically
controlled loads, acting as either a shorting, loading, or main
radiating element, are moved using different actuation mech-
anisms. In the shorting based approach, liquidmetal is used as
a microfluidically controlled shorting switch. This technique
has been used to implement frequency tunable slot [11]
and patch antennas [12]. In the loading based approach,
microfluidically controlled loads are placed on top of the
radiating antenna to alter the electromagnetic fields, thereby
changing the resonating properties. The reactive loads can
either be liquid metals [13] or liquid dielectrics, such as
acetone [14] and de-ionized water [15], [16]. However,
there are challenges to achieving practical fluidic antennas.
The mechanical pumping method that is required to actuate
reconfigurability generally has a slow tuning speed [12].
In addition, the overall size of the antenna system, including
the associated feeds, liquid containers, pumping and control
system, may be bulky, and the robustness of such antennas is
unproven. Finally, cost-effective fabrication on a large scale
and the design of packaging and feeding of the antenna are
yet to be resolved [17].

An alternative approach to accomplish reconfigurabil-
ity/tunability without resorting to electronic components is by
using transformable origami-inspired structures that leverage
cutting and folding techniques [18], [19]. This approach has

the advantage of enabling the creation of deployable struc-
tures with continuous-state reconfigurability, as opposed to
discrete states, and large size ratios from folded to unfolded
states [20], [21], [22]. Moreover, the actuation mechanisms
for changing the shape of the origami structures can be eas-
ily implemented directly onto an antenna. Typical origami
structures use folding of creases or at hinges to change their
configuration. The most common applications of origami
structures are for mechanical manipulation. For example,
a twisted tower soft robot inspired by origami structures has
been fabricated using a flexible material for the creases and
a rigid material for the facets to demonstrate the ability to
grasp objects robustly [23]. A similar concept can be applied
to design deployable and foldable shape-changing origami-
based antennas. For example, researchers have demonstrated
the use of creased paper to create foldable origami struc-
tures to tune the operating frequency of spring and accordion
antennas printed on them by changing the height of the struc-
ture [24], [25], [26]. However, those origami structures lack
accurate and robust control over the reconfiguration states,
and are somewhat delicate. Other origami antennas have
been implemented using shape memory polymers (SMPs)
as substrates [27], [28], which are more robust, but exhibit
limited adhesion to conductors that are also required in the
design.

To achieve the desired foldability repeatedly, and without
bending or additional connecting elements, additively man-
ufactured or 3D printed origami structures are beginning to
emerge. Additive manufacturing (AM) has garnered signifi-
cant attention due to its geometric and design flexibility, and
the potential to reduce manufacturing steps. There are many
AM technologies [29], such as fused filament fabrication
(FFF), stereolithography (SLA), direct ink writing, and selec-
tive laser melting, to process feedstock materials that maybe
in the form of filaments [30], resins [31], liquid solutions [32],
or powders [33] to fabricate a three dimensional complex
object. Among the variety of AM techniques, FFF and SLA
are the two most promising manufacturing techniques for
antenna applications [34], [35], due to their relative sim-
plicity and wide availability of printable materials. In FFF,
a thermoplastic filament is fed through a heated chamber
and then into a nozzle of typically ∼0.4 mm diameter. The
chamber heats the filament above its glass transition tem-
perature and then extrudes the molten filament through the
nozzle onto a heated print bed. Either the print head or the
print bed moves in the x–y plane to print a layer. After a
layer of material is printed, the print bed is lowered one layer
thickness (typically ∼100 µm) to allow the next layer to be
deposited. The process repeats until the part is complete. The
main restrictions of FFF for antenna manufacturing are the
limited thermoplastic filament choices, especially where high
permittivity or permeability is needed, and the tendency for
inter-layer roughness (often�10 µm ) [36]. In SLA, a laser
is used as a power source to cure selectively a photosensitive
resin in a layer by layer fashion. The laser spot is∼140µm in
diameter, and the layer thickness is ∼25 µm, giving reduced
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surface roughness compared with FFF. However, with SLA it
is difficult to print multi-material devices using a single resin
tank without contamination from different materials.

A method to directly 3D print origami assemblages by
introducing hinge-panel elements and a photocurable elas-
tomer system for the hinges to ensure foldability and repeata-
bility, was proposed in [37], [38]. Moreover, both FFF and
SLA have been used to develop foldable antennas. For
example, in [39] a cross-shaped structure was created with
FFF from VeroWhite plastic (relative permittivity εr'3)
that could be folded to a cuboid with antennas printed
directly on the cube surface [39]. SLA has been used to
print a bow-tie antenna inspired from origami fan with
an elastic resin (εr=2.7) and then the structure metal-
lized using liquid metal alloy to facilitate folding [40].
As another example, a bow-tie antenna inspired by an
origami fan has been realized by SLA with an elastic resin
(εr=2.7), followed by metallizing with liquid metal
alloy [40]. A detailed summary of recent advances in origami
antennas and their construction from microwaves to to mil-
limetre waves has been recently presented in [41]. Generally,
these 3D printed origami radiating structures show a limited
tuning range (less than 15%) due to the limited permittivity
changes and no demonstration of mechanical actuation has
been reported. Recent work has also addressed measuring the
permittivity of material for application in millimetre-wave
optical devices, during the 3D printing process [42].

In this paper, we explore the application of extensi-
ble origami structures made of high permittivity dielec-
tric sub-units to realize a frequency tunable patch antenna.
The approach is based on inserting a 3D printed dielectric
origami (DO) layer in the air gap of a suspended patch
and changing the configurations of the DO so as to attain
a variable effective permittivity of the medium beneath the
patch, and thus causing the resonant frequency of the antenna
to shift. The extent of the resonant frequency shift, corre-
sponding to the tuning range of the antenna, is determined
by the variation of the geometric configuration of the DO
from a fully compressed or fully dense configuration (all the
faces of the elements touching each other) to a fully open
configuration (elements touching only at their edges).

The organization of the paper is as follows. The fabrication
of the DOs and their incorportation into the patch antenna are
described in Section II. In Section III the material character-
ization of two DOs is presented and the effect of the DOs
in their variable configurations on the resonant frequency
of the patch antenna is investigated both numerically and
experimentally to assess tunability. Conclusions are drawn
in Section IV.

II. METHODS
Two modular origami-inspired dielectric structures were fab-
ricated by different AMmethods. The first DO consisted of a
collection of right-angled triangles fabricated by FFF (Maker-
bot Replicator) using a bespoke filament comprising 32 vol%
BaTiO3 micro-powders dispersed in ABS (εr∼11) [43]. The

FIGURE 1. (a) The transformation of an origami unit cell from
configuration 1 to 2, and 3, with arrows showing the direction of the
applied force along the y-axis. (b) Printed BaTiO3/ABS DO in its fully
closed configuration and (c) in a partially expanded state.

unit cell of the DO was composed of 4 right-angled triangles
with a side length of 8.5 mm and thickness of 7 mm, con-
nected at their edges through tape, as shown in Figure 1(a)
where the tape is depicted in red. By applying a force in the y
direction, the unit cell could be transformed from the fully
closed state to partially and fully expanded configurations
(e.g. states 1, 2, and 3 in Figure 1(a)). The size of the whole
DO assembly was 97 mm by 77 mm when fully closed or
compressed, i.e., in the maximum density state, as shown in
Figure 1(b). The configuration of the DOwas adjusted manu-
ally. As the DO expanded as in Figure 1(c), the corresponding
effective permittivity could be expected to decrease due to the
progressive introduction of a greater volume fraction of air
into the assembly.

To achieve a more repeatable and controllable transfor-
mation of the DO, a second DO was developed to be inte-
grateable into a micro-linear mechanical actuation rig. The
second DO consisted of a flexible lattice-like structure,
printed with an elastic resin using a Formlabs 2 SLA printer,
with embedded high dielectric composite triangles subse-
quently added by hand, which comprised 60 vol% CaTiO3
micro-scale powers dispersed in ABS. The resin lattice is
illustrated by the schematic drawing in Figure 2, which also
shows the fabricated lattice sample. The lattice was conceived
as a ‘‘tray’’ of separate triangular ‘‘pockets’’, joined at their
corner edges, as detailed in Figure 2(b). The high dielectric
CaTiO3/ABS composite right angle triangles were placed in
the pockets. The lattice had a wall thickness of 0.8 mm, and
overall area of 106 mm by 114 mm. The lattice could be
expanded and compressed by applying a force at its sides,
thereby reconfiguring the distribution of the high permittivity
elements and changing the fraction of the air voids in the
assembly. Two grooves running along the two vertical sides
of the lattice were used to fit rigid attachments connected to
the mechanical actuator, described in Section III-C.
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FIGURE 2. (a) CAD design of the SLA printed flexible lattice developed to
reconfigure a DO in combination with a linear mechanical actuator; the
grooves running on both sides are for fitting rigid handles. (b) Higher
magnification view of the unit cells of the triangular structure of the
flexible lattice, and (c) a photograph of the printed flexible lattice.

The high permittivity dielectric triangles were manufac-
tured by dispersing CaTiO3 power and ABS granulates in
acetone until the ABS was fully dissolved. The solution was
dried and the solid residue was mechanically milled into
small pieces using a blade mixer. The fragments were then
consolidated into a dense disc using a Dr Fritsch field assisted
sintering technique (FAST) machine at 120◦C and 15 MPa.
The consolidated disc had a diameter of 80 mm and thickness
6.2mm, as shown in Figure 3(a). In the FAST process, electric
current is passed through a graphite die that contained the
ABS-60vol%CaTiO3 feedstock to provide heating, while a
uniaxial pressure was exerted. The triangular dielectric ele-
ments were then obtained by sectioning the composite disc
using a waterjet cutter. The two sizes of right-angle triangles
were:

1) a short-side length of 8 mm, as shown in Figure 3(b),
2) a short side length of 13.5 mm.

The DO was assembled by press fitting the high permittivity
dielectric triangles into the printed flexible lattice, as shown
in Figure 4.

The antenna used to demonstrate our concept of frequency
tunability by means of extensible origami structures was
the suspended microstrip patch shown in Figure 5, where
the radiating patch was printed on the bottom side of a
dielectric laminate suspended in air above the antenna ground
plane [44]. The DO was inserted in the air gap between the
base of the antenna and the ground plane. The theoretical

basis underlying the operation of this assembly is outlined
in the following section.

The dielectric composite materials used for the two DOs
were analysed using a JEOL JSM-6500F scanning electron
microscope (SEM) to study the micro-particle distribution
within the polymer matrix. For the electrical characterization
of the antenna, a vector network analyzer (VNA) was used
to energize the patch and to measure the reflection coeffi-
cient s11 at its input port. Furthermore, the effect of the differ-
ent DO configurations on the suspended patch antenna were
simulated extensively using CST Microwave Studio (MS)
software for comparison with measurement.

A. THEORY
The resonant frequency of a suspended patch antenna can be
expressed as:

fr =
c

2Leff
√
εr,eff

(1)

FIGURE 3. (a) Disc of CaTiO3/ABS composite (diameter of 80 mm)
produced by the field assisted sintering technique, and (b) triangular
dielectric elements of short side length 8 mm obtained by waterjet
cutting.

FIGURE 4. ABS-60 vol% CaTiO3 DO configurations corresponding to
(a) its fully compressed and (b) (manually) expanded states.

where fr is the resonant frequency, c is the speed of light,
εr,eff is the effective permittivity, taking into account the non-
homogeneous structure of the dielectric materials, and Leff =
L+21L is the effective length of the patch, which because of
the fringing effects, appears greater than its physical dimen-
sions L by a distance of 1L extended on each end. Closed
form expressions for the effective permittivity and length of a
microstrip patch with a multi-layered dielectric configuration
have been presented in [45]. In our antenna, the square patch
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was slotted with four thin rectangular cuts orthogonal to its
edges to reduce the overall size of the antenna for convenience
of manufacturing. This way the patch could be designed to
resonate at the chosen frequency of 1 GHz, in its standalone
configuration, with a side length L of 90 mm and 29.5-mm-
long slots when printed on a standard 1.6-mm-thick FR4
laminate. The patch layer was suspended with an 8 mm air
gap on top of a 180 mm by 180 mm ground plane made from
another 1.6-mm-thick FR4 laminate. The feeding microstrip
line was printed on the bottom side of the lower FR4 layer and
was coupled to the patch through a rectangular slot cut at the
centre of the latter. The DO sat flush on top of the ground
plane and filled most of the original air gap. As a result,
the antenna cross section, depicted in Figure 5(b), comprised
three dielectric layers:

• the DO with adjustable configuration, and thus variable
equivalent permittivity, lying on the ground plane;

• the top FR4 substrate on which the patch is printed;
• a narrow air gap between the DO and the FR4 layer of
thickness ∼ 1 mm.

The presence of the DO in the antenna air gap modified the
patch εr,eff , and thus allows tuning the resonant frequency of
the patch based on equation (1). In other words, frequency
tunability could be achieved by actuating the DO into differ-
ent configurations. As the antenna dimensions are fixed, both
the effective permittivity and length of the patch only depend
on the equivalent permittivity exhibited by the DO. Using the
formulas in [45], the resonant frequency of the patch antenna
can be readily estimated as a function of the permittivity of
the bottom dielectric layer (εr1). Figure 6 illustrates this trend
for a broad range of permittivity values; as the analytical
expressions in [45] refer to a standard rectangular patch,
without slots, an equivalent suspended patch with a larger
side length of 120 mm to resonate at the same frequency
of the slotted one was assumed in these calculations. It is
noted that by obtaining the resonant frequency of the patch,
from simulations ormeasurements, from the graph in Figure 6
it is possible to infer the equivalent permittivity of the DO in
different configurations.

III. RESULTS AND DISCUSSION
A. MATERIAL CHARACTERIZATION
In the first DO with 30 vol% BaTiO3, the composite was
made into 1.75 mm diameter filament by extrusion using
a 3devo single screw extruder. The composite mixture of
BaTiO3 micro-particles and ABS was partially melted in
160◦C, and then pushed through a nozzle (2 mm). The
BaTiO3 particles (lighter clusters of particles) shown in
Figure 7(a) were dispersed with acceptable uniformity within
the ABS (darker areas). The measured permittivity of
extruded ABS-30 vol% BaTiO3 obtained by a QWED split
post dielectric resonator (SPDR) was εr=11, with a loss
tangent of 0.03. The permittivity of the dielectric composite
was largely determined by the volume fraction of BaTiO3.
Higher ceramic fraction increases permittivity but at the cost

FIGURE 5. (a) Perspective and (b) cross-sectional views of the suspended
patch antenna with an 8-mm-thick air gap between the ground plane and
the patch. The patch side length is L = 90 mm, while the dielectric
substrate is 180× 180 mm2. Both dielectric substrates supporting the
ground plane and the patch are standard 1.6-mm-thick FR4 laminates.
A rectangular slot cut at the centre of the ground plane is used to couple
the patch to microstrip line running on the opposite side of the bottom
FR4 substrate.

FIGURE 6. Resonant frequency of the suspended patch from Figure 5
when a dielectric layer of variable permittivity and thickness of 7 mm is
inserted into the original air gap as estimated by the theoretical formulas
derived in [45].

of sacrificed flexibility and handleability, making it too brittle
and unreliable for extended, reproducible 3D printing.

To explore the effect of higher ceramic loadings than those
available from printable filaments, FAST was used to man-
ufacture composite dielectric elements comprising 60 vol%
CaTiO3 dispersed in ABS. Figure 7(b) shows the CaTiO3
particles embedded within the ABS matrix, and some small
pores on the order of 1µm. The permittivity was measured by
the SPDR technique at 15 GHz as εr∼15.6 with a loss tangent
of ∼ 0.0113.
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FIGURE 7. SEM images of (a) 32 vol% BaTiO3 dispersed within ABS in
filament form for FFF, and (b) 60 vol% CaTiO3 dispersed within ABS in
circular coupon form after production using FAST.

TABLE 1. Permittivity and loss tangent values for 60 vol% ceramic
loading composites.

Other high permittivity ceramic particulates (e.g. BaTiO3
and BaSrTiO4) were also used tomake 60 vol% loadingABS-
based composites, showing the versatility of this approach,
with their permittivity measured using SPDR at 15 GHz,
shown in Table 1. BaTiO3/ABS composite had the highest
permittivity of ∼ 18, although CaTiO3/ABS was chosen for
the DO due to its relatively low loss.

B. PATCH ANTENNA WITH ABS-30VOL% BaTiO3/ABS
DIELECTRIC ORIGAMI
As anticipated in Section II-A, the effect of introducing a
DO in the air gap of our suspended microstrip patch antenna
was to modify εr,eff as a function of the DO configuration,
thereby allowing the control of the patch resonant frequency.
We consider two configurations:

i) fully compressed, which will be referred to as ‘‘fully
dense’’, since in this state all the high permittivity

FIGURE 8. Magnitude of the reflection coefficient of the suspended patch
antenna in the unloaded configuration, designed to resonate at 1 GHz,
and when the composite ABS-30 vol% BaTiO3 DO, in its closed and fully
stretched configurations, is inserted in the antenna air gap. Experimental
data (solid lines) are compared with simulation results (dotted lines).

triangles forming the DO are tightly packed and the
density of the DO is at a maximum,

ii) fully actuated and the dielectric elements are inter-
spaced by air voids of practically the same size, so that
the density of the DO is about one half of the maximum
value, referred to as ‘‘half dense’’.

Figure 8 shows the measured antenna reflection coefficient,
s11, indicating that the introduction of the fully dense DO into
the air-gap layer resulted in a downward shift of the resonant
frequency, from 1 GHz to 0.736 GHz. Then, by changing the
DO configuration from fully dense to half dense, the antenna
resonant frequency increased to 0.791 GHz, as a consequence
of the lower effective permittivity. This corresponded to a
maximum tunable range of 0.055GHz, i.e.,∼7%with respect
to the relative central frequency. A larger frequency shift
was predicted by simulations, also shown in Figure 8, espe-
cially for the closed DO, giving a predictable tunability of
∼11%. Themeasured reflection coefficient s11 at the resonant
frequency when the DO was inserted under the patch was
also slightly larger than in the simulations. These incon-
sistencies between the simulation and experimental results
might likely arise from the manual actuation of the DO and
manufacturing inaccuracies, e.g. final assembly by hand. For
example, stretching of the hinges connecting the elements
and the resulting narrow air gaps can lead to some reduction
of the effective permittivity even when in the supposedly
fully dense configuration. These effects could be reduced by
printing more reproducible and consistent flexible hinges that
might deform more reliably during transformation, and by
improving the surface finish of the DO to shrink the size of
any air gap between adjacent unit cells.

The radiation pattern of the patch antenna was not expected
to be significantly affected by the presence of the DO layer,
according to CST MS simulations. The radiation patterns
of the antenna in its reference (unloaded) configuration and
when the composite ABS-30 vol% BaTiO3 DO in its closed
and fully stretched configurations was inserted, simulated at
the respective resonant frequencies, are shown in Figure 9.
The slight reduction in directivity when the antenna was
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FIGURE 9. Radiation pattern of the suspended patch antenna in its
reference (unloaded) configuration and when the composite ABS-30 vol%
BaTiO3 DO in its closed and fully stretched configurations is inserted
between the patch and its ground plane as simulated with CST MS at the
respective resonant frequencies.

FIGURE 10. Reflection coefficients of the suspended patch when ABS-30
vol% BaTiO3 DOs with unit cell of variable size (s) are inserted in the
antenna air gap in their fully stretched configuration as simulated
with CST MS.

loaded by the DOwas essentially due to the smaller electrical
size of the ground plane at the lower resonant frequencies.
This effect could be attenuated by adopting a broader ground
plane.

An insight from these results is that the range of tunability
of the antenna resonant frequency might be significantly
extended by tailoring the size of the DO unit cell. To investi-
gate this, the electrical response of the patch loaded by theDO
in its fully stretched configuration, which corresponds to the
highest resonant frequency of the antenna for a particular DO,
was simulated as a function of the size of the DO triangular
constituent elements. Figure 10 shows that by choosing the
size of the unit triangular elements of the DO to be 30 mm,
the range of tunability of the patch resonant frequency would
extend from 0.56 to 0.78 GHz, increasing the tuning range
to ∼33%.

C. PATCH ANTENNA WITH ABS-60VOL%CaTiO3
DIELECTRIC ORIGAMI
The mechanical actuation rig for controllable transformation
of the ABS-60vol%CaTiO3 DO is shown in Figure 11. Two
fixtures, 3D printed using aMarkForged Onyx filament, were

FIGURE 11. (a) Mechanical actuation rig for the ABS-30vol%BaTiO3 DO.
Printed Onyx fixtures are shown in black. (b) Full antenna assembly
including the top dielectric substrate on which the patch is printed.

attached to the left and right hand sides of the flexible lattice;
the left hand side was fixed, and the right hand side was
connected to an Actuonix L16 linear actuator. A controller
box was used to control the movement of the linear actuator.
The linear actuator was in its fully extended state when
the DO was fully closed (maximum density), and the DO
then expanded as the actuator retracted. A ruler was used to
measure the extension at each stage.

Using greater repeatability of the mechanical actuation,
antenna reflection coefficient was measured against linear
extension, up to the maximum extension of 50 mm. As the
DO structure transformed upon the actuator displacement,
a greater air fraction was introduced, as shown in Figure 4(b).
There was a resonant frequency shift of ∼0.315 GHz for
the fully closed ABS-60vol% CaTiO3 DO due to its higher
overall permittivity (despite some of the DO comprising the
flexible lattice itself with relatively low permittivity of εr'3).
Correspondingly, the tuning range increased to 0.105 GHz
(∼14% with respect to the central frequency), as shown in
Figure 12. An estimation of the DO effective permittivity
can be obtained by interpolating the plot of resonant fre-
quency against the permittivity of the DO previously shown
in Figure 6, using equation (1). The effective permittivity data
are included in Figure 12 and show that, as expected, the
effective permittivity of the DO progressively decreased as
the structure was opened.

The effective permittivity of the DOs could be also directly
estimated by homogenization theory [46]. As the continuous
mechanical deformation of the DO on extension is difficult to
measure accurately, the effective permittivity could only be
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FIGURE 12. Measured resonant frequency of the suspended patch
antenna against the extension distance (opening) of the ABS-60vol%
CaTiO3 DO (blue circles) and the corresponding estimated effective
permittivity of the DO (red diamonds) as inferred from the theoretical
data plotted in Figure 6.

estimated in the closed/fully compressed configuration and
when fully expanded (stretched by 50 mm).

In the fully open state, the ABS-60vol% CaTiO3 DO can
be considered as a three components mixture: the high per-
mittivity triangular blocks, the air voids of variable sizes
between them when the structure is stretched, and the flex-
ible resin shell. Both Maxwell Garnett (MG) [47] and the
Bruggeman (Bru) [48] mixing formulas for multicomponent
mixtures can be used to estimate the effective permittivity of
the DO, although the latter is usually considered to yieldmore
accurate results when the volume fraction of inclusions is not
very small because of its symmetrywith respect to all medium
components. The Maxwell-Garnett equation for the effective
permittivity of a composite medium with two different types
of inclusions is given by:

εMGr,eff = εr3

1+ 3
(
f1
εr1 − εr3

εr1 + 2εr3
+ f2

εr2 − εr3

εr2 + 2εr3

)
1− f1

εr1 − εr3

εr1 + 2εr3
− f2

εr2 − εr3

εr2 + 2εr3

 (2)

where for our structure εr1 = 15.6 denotes the permittivity of
the dielectric triangle blocks, and εr2 = 1 is the permittivity
of air; f1 and f2 are the filling fractions corresponding to the
dielectric triangles and the air gaps, respectively, which we
estimated to be f1=19% and f2=43.4%. εr3=3 is the dielec-
tric constant of the flexible resin lattice, considered as the
background of the composite structure. Bruggeman’s effec-
tive permittivity for a three-components mixture is defined
implicitly by the equation:

f1
εr1 − ε

Bru
r,eff

εr1 + 2εBrur,eff

+ f2
εr2 − ε

Bru
r,eff

εr2 + 2εBrur,eff

+ f3
εr3 − ε

Bru
r,eff

εr3 + 2εBrur,eff

= 0.

(3)

where the all quantities have the same meaning as in (2) and
f3 = 1− f1 − f2. Eq. (3) can be easily solved numerically.
In the fully compressed/closed configuration, the air gaps

can be considered to be negligible, therefore f2∼0 and the
above MG and Bru equations for a three-component mixture

TABLE 2. Effective permittivities of the ABS-60vol% CaTiO3 DO as
estimated by Maxwell-Ganett and Bruggeman homogenization formulas
when fully closed and stretched by 50 mm.

reduce to their form for a two-componentmedium [46]. These
simplified equations only depend on f1 (since f3 = 1 − f1),
which for the closed DO was f1∼37%.
The effective permittivity of the ABS-60vol% CaTiO3 DO

calculated using Maxwell-Ganett and Bruggeman equations,
reported in Table 2, were in good agreement for both closed
and stretched (open) configurations. It is worth noting that
they also agree well with Figure 12, obtained independently
without taking into account the specific geometry of the DO:
εr,eff∼5.6 for the closed DO, and εr,eff∼2.8 when the DO
was stretched to 50 mm.

To assess the extent to which antenna efficiency changes
at different tuning frequencies, we simulated with CST MS
the effect of the DO on the antenna radiation in both the
closed and fully extended configurations at the respective
resonant frequencies. The directivity and gain of the unloaded
microstrip patch were also simulated for reference purposes.
For the Formlabs resin used to manufacture the flexible lat-
tice, we assumed a loss tangent of 0.016 [49], while the mea-
sured dielectric properties of the high permittivity triangular
blocks are those in Table 1. The results of the analyses are
summarized in Table 3.
Although the introduction of the DO degraded the antenna

efficiency somewhat, changes in gain as a function the reso-
nant frequencies were relatively limited compared with, for
example, frequency tunable patch antennas based on varac-
tor diodes, especially at lower frequencies [50], [51]. The
simulations also revealed that most of the losses due to the
DO arose due to the presence of the flexible lattice, whose
contribution to loss was comparable with the FR4 substrates
used in the antenna itself. Better efficiency could therefore
be achieved by making the flexible lattice with intrinsi-
cally lower loss materials with a loss tangent of ∼10−4,
such as butyl rubber or TPE 88A, a thermoplastic elastomer
available for 3D printing [52]. Estimations of the improved
radiation efficiency achievable by using these materials are
also included in Table 3. Another option could be to add
high permittivity particulates such as BaTiO3, CaTiO3 or
even Bi2(Li0.5Ta1.5)O7 (permittivity ∼64 and loss tangent
∼8.9× 10−5 [53]) into the lattice at a fraction that boosts
effective permittivity while maintaining sufficient flexibility
and manufacturability [54], [55].

So far in this work, we have prioritised the use of readily
available materials with low cost. However, building on the
current developments, a wide range of material and design
optimizations immediately present themselves, since as more
and more composite and other printable materials, including
magnetic composites [56], become available, the DO design
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TABLE 3. Directivity, gain, and the corresponding radiation efficiency of the reference patch antenna compared with those of the patch loaded by the DO
when fully closed and stretched by 50 mm. Data have been simulated by CST MS for both the case of the flexible shell realized with a Formlabs resin as in
our prototype and assuming alternative lower loss materials.

space becomes excitingly large. Alongside these materials
developments, research in origami structures will also pro-
vide new inspiration and opportunity. For example, DO could
also take the form of rotational kirigami (cut and folding)
structures with shaped resonant elements. We speculate that
this type of DO as an antenna substrate could be used to
produce different polarization responses at different rotation
angles of the sub-elements. Similarly, DO could be developed
as an antenna substrate for 2D-to-2D in-plane transforma-
tions for tunable directivity and beam shaping applications.

IV. CONCLUSION
The use of modular origami-inspired dielectric layers to
realize a mechanically tunable microstrip patch antenna has
been investigated. The dielectric origami was designed to
have an extensible and reversible metamaterial-like structure
consisting of a periodic arrangement of high permittivity
polymer/ceramic sub-units, linked by flexible hinges or a
flexible polymer lattice. The designs were achieved using
a combination of additive manufacturing, stereolithography
and field assisted sintering.

Tuning of the resonant frequency of a patch antenna was
achieved by placing the dielectric origami in close proximity
to the antenna and then changing its geometric configura-
tion to modify its effective relative permittivity. Actuation
of the dielectric origami was achieved by hand and more
controllably using a mechanical micro-linear actuator. For
mechanical actuation it was necessary to embed the high
permittivity composite elements into a single pre-fabricated
flexible polymer lattice. This provided robust fixtures for
the actuator connection, removed the variability of manually
assembled hinges between elements, and allowed the full
range of actuation states to be achieved reproducibly.

Experiments demonstrated tuning of the patch antenna
resonant frequency by ∼14%. Increased tunability was sug-
gested by optimizing the size of the dielectric unit cells and
their permittivity, reaching a maximum tunability of ∼33%.
The effective permittivity of the dielectric origami and its
effect on the antenna resonant frequency was successfully
estimated by homogenization theory for composite media.

The results shown here suggest that dielectric origami
produced by combining advanced manufacturing techniques
may provide a broad and flexible platform approach for
tuning electromagnetic devices. Given the wide range of 2D

and 3D origami designs available, and the many free param-
eters available for optimization (such as the size, shape and
permittivity of dielectric elements), much greater tunability
might be achieved. Further possibilities will also arise as new
printable materials, including new dielectrics and magnetics
become available, and new designs are discovered such as
foldable and conformable structures based on origami and
lattice-based kirigami elements.
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