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significant dielectric losses. Moreover, the fabrication process
of paper based origami designs is usually labor intensive and
may lack accuracy resulting from the manual cutting and
folding processes. For these reasons, it is important to use
fully automated processes that utilize durable materials to
realize origami-inspired structures to fit the stringent needs
of practical mm-wave systems.
This paper demonstrates a mm-wave origami-inspired 4D
FSS featuring mirror-stacked "Miura-ori" multi-layer substrate
and flexible conductive patterns on both top and bottom.
The prototype was fabricated with a fully additive hybrid
printing process combining 3D printing and inkjet printing
techniques in order to realize a flexible 3D substrate and
allow for the deposition of high-resolution dielectric and
conductive patterns. The multi-layer design shows a much
wider range of frequency tunability, a much better mechanical
strength and cycling repeatability, an operability in much
higher frequencies up to millimetre-wave as well as a very
significant insertion loss improvement over previously reported
single-layer designs [6]. The reconfigurability introduced by
the origami structure, the better performance achieved by the
multi-layer configuration, and the durable prototype realized
by the additive fabrication process make this design an ideal
easy-to-scale candidate to use in rugged IoT, mm-wave RFID
(mmID), WSN, 5G, and smart city applications.

Abstract — This paper presents a novel 4D printed tunable
frequency selective surface (FSS) utilizing a multi-layer
mirror-stacked "Miura-ori" structure that can be applied in
numerous mm-Wave, IoT, RFID, WSN, 5G, and smart city
applications. The prototype was fabricated with fully additive
hybrid (3D and inkjet) printing processes to realize a flexible
two-layer substrate with conductive traces on both top and
bottom. The proposed multi-layer/multi-material manufacturing
process features very significant strength improvement over
paper-based origami structures, while enabling the realization
of increasingly complex "morphing" designs that would be
otherwise difficult to fabricate using traditional paper-based
substrates. The proof-of-concept prototype demonstrates great
frequency tunability, angle of incidence (AoI) rejection, and
significantly improved insertion loss performance over simpler
single-layer Miura-based designs as well as an operability up to
much higher mm-wave frequencies up to at least 28 GHz.
Keywords — Origami, 3D printing, inkjet printing, additive
manufacturing, frequency selective surface, Miura, flexible,
multi-layer.

I. I NTRODUCTION
In recent years, frequency selective surfaces (FSSs) have
been playing an essential role in emerging technologies such
as the internet of things (IoT) [1], [2], RFID [3], wireless
sensor network (WSN) [4], 5G [5], [6], smart city [7], etc. To
enable effective operability of practical systems in cluttered
frequency bands with common time-changing interference,
reconfigurable FSSs have to be utilized in order to filter
different interfering frequency bands on-the-fly. The common
methodology to realize a tunable FSS is to integrate active
components such as p-i-n diodes [8], MEMS switches [9], or
varactors [10] within the FSS elements. Active components can
be responsive and relatively easy to control. However, at the
same time, they can be expensive, fragile, and hard to fabricate,
limiting the performance and scalability of the reconfigurable
FSS.
Another approach to realize tunable FSS is by changing
the shape of the substrate mechanically using origami-inspired
structures [6], [11], [12], [13]. The origami-based FSS
structures can be tuned by folding or unfolding on-demand,
effectively changing the equivalent electrical length and the
inter coupling of the elements, demonstrating great range
of frequency or bandwidth tunability. However, one of the
biggest challenges with many origami inspired designs is
that they are utilizing paper for the substrate or support
material, which is prone to absorbing moisture, tearing, and has
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II. U NIT CELL D ESIGN
Previously reported single-layer origami-inspired FSSs
under 15 GHz have shown a very good frequency range
tunability and S21 performance [11], [12], [13]. However, at
higher mm-wave frequencies, the physical size of the FSS
structure will be dramatically reduced due to the much shorter
wavelength. For example, the size of a 30 GHz unit cell will be
75% smaller compared to a 15 GHz unit cell. Previous research
on mm-wave single-layer origami FSS has shown a significant
performance degradation when measuring the folded sample
[6]. This is because the effective area of the folded mm-wave
sample with smaller size can not cover the entire beamwidth of
the excitation antennas during the measurement, thus leading
to leakage that reduces the insertion loss.
To improve the performance of origami-based FSS at
mm-wave frequency while maintaining a compact size, a
novel mirror-stacked multi-layer Miura-ori FSS element is
proposed in Fig. 1 that consists of a single piece 3D printed

86

2021 IEEE/MTT-S International Microwave Symposium

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on December 20,2021 at 23:16:02 UTC from IEEE Xplore. Restrictions apply.

Fig. 1. Mirror stacked multi-layer Miura FSS element: (a) perspective view;
(b) top view with stress release design; l1 = 5mm, l2 = 7mm, wc = 1mm,
lc = 6mm, substrate thickness = 0.7mm.
Fig. 2. Fabricated sample of the 8 × 10 multi-layer Miura FSS.

substrate with two Miura sheets being stacked, and dipole
conductive traces on both top and bottom. The multi-layer
configuration doubles the density of the conductive elements,
resulting in a larger effective area that improves the insertion
loss performance over single-layer designs. The element is
designed to take full advantage of 3D printing technology
which enables more complicated design elements such as slots,
holes, hollows, etc. The stress release slots shown in Fig. 1b
form a "bridge-like" structure that reduces the bending stress
applied to the conductors when folding the substrate. The stress
release holes with 0.4mm radius reduce the mechanical stress
on the intersection of foldlines.
When compressing the structure from one side, the
equivalent length of the conductor will be changed, which
in turn causes inductance change that shifts the resonant
frequency. The RF performance of the simulated and measured
results will be discussed in Section. IV.

Fig. 3. Schematic of the fabrication process.

III. FABRICATION P ROCESS
paper-based substrates. The material was characterized using
Nicolson-Ross-Weir (NRW) methodology resulting dielectric
constant εr = 2.78 with loss tangent tan δ = 0.03 at 22 GHz.
The substrate was printed with 50 µm layer resolution and post
processed with standard wash-and-cure process [14] to ensure
best consistency and reduce electromagnetic losses. The 8×10
number of elements was limited by the size of the 3D printer’s
build plate, larger 3D printers are commercially available for
larger designs.

The proof-of-concept 8×10 element multi-layer Miura FSS
prototype (Fig. 2) was realized following the steps in Fig. 3
that contains:
• 3D printing of the dielectric substrate.
• Inkjet printing thin SU-8 buffer layers to smooth out the
substrate surface and improve conductive layer adhesion.
• Inkjet printing of the conductive layers and sinter with
a low temperature gradient.
A. 3D Printed Dielectric Substrate

B. Inkjet Printed SU-8 Buffer Layers

Previous research [11] has reported that multi-layer
origami FSS formed by connecting two piece of papers
together can easily break or misalign from the connecting
point during folding process. To solve this issue, we printed the
substrate in one piece using Formlabs Form2 stereolithography
(SLA) 3D printing system. The utilized material was FLGR02
flexible photopolymer that is much more durable than

SLA 3D printing technique built the geometry in a
layer-by-layer manner, as a result, the surface was relatively
rough (43 µm variation) for inkjet printed conductors (0.8 µm
per layer) with periodic "hills" and "valleys" perpendicular
to the printing plane. Thus, four layers of inkjet printed
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Fig. 4. Simulated and measured frequency response for different folding
angles.

Fig. 5. Simulated and measured frequency response for different incident
angles.
Table 1. Performance comparison between single-layer and multi-layer
mm-wave Miura-based FSS.

MicroChem SU-8 was utilized to reduce the surface roughness
variation to 1.6 µm.

Type

C. Inkjet Printed Conductive Patterns

[6]
Miura
Single-layer
This Work
Miura
Multi-layer

The conductive pattern was inkjet printed with
SunChemical EMD5730 silver nanoparticle (SNP) ink.
90 seconds of UV ozone (O3 ) treatment was adopted before
printing the conductive SNP traces to improve the wettability
and adhesion. Six layers of SNP were utilized for both top and
bottom conductor patterns to ensure a good uniformity and
conductivity. A low-temperature gradient sintering process
was utilized to reduce substrate shrinkage and improve the
flexibility of conductor traces.

S21
S21
S21
S21 Tunable
θ=110◦ θ=90◦ θ=80◦ θ=60◦ Range
-25dB

-22dB -19dB -13dB

11.7%

-28dB

-23dB -23dB -25dB

15.7%

The simulated and measured frequency response of
the mirror-stacked multi-layer FSS for different angles of
incidence (AoI) is shown in Fig. 5. The prototype shows
very good AoI rejection under 50°. When above 50°, the
resonant frequency will to further shift dramatically due to the
significantly changed inter-coupling between top and bottom
conductive layers.

IV. S IMULATION AND M EASUREMENT R ESULTS
This mirror-stacked multi-layer Miura-ori FSS prototype
was designed and simulated in Ansys HFSS using master and
slave boundary conditions with Floquet port excitations. In
order to measure the fabricated prototype, two A-INFOMW
LB-180400-20-C-KF wideband horn antennas were placed
1.0 m spacing with the FSS sample in the middle, the results
were measured on an Anritsu MS46522B VNA set to sweep
from 18 GHz to 28 GHz.
The simulated and measured frequency response of the
mirror-stacked multi-layer FSS for different folding angles
θ is shown in Fig. 4. The resonant frequency can be tuned
from 22.4 GHz to 26.1 GHz by changing the folding angle
θ from 110° to 60°. The frequency shift is caused by the
reduced equivalent conductor length during folding, which in
turn decreases the equivalent inductance and thus increases
the resonant frequency. A performance comparison between
multi-layer and single-layer mm-wave Miura FSS is shown
in Table 1. The multi-layer configurations shows up to 12 dB
better insertion loss performance, especially for lower θ values,
and wider frequency tunable range thanks to the improved
conductor density.

V. C ONCLUSION
This paper introduces a state-of-the-art multi-layer
mirror-stacked origami-inspired FSS at mm-wave frequencies.
A proof-of-concept prototype was fabricated using fully
additive hybrid (3D and inkjet) printing process that is
automated, fast, accurate, and utilizes durable materials. The
multi-layer design doubles the conductor density, dramatically
improving the insertion loss performance by up to 12 dB over
traditional single-layer designs, with the frequency tunable
range being extended as well, making it an ideal easy-to-scale
candidate to use in rugged IoT, mm-wave RFID (mmID),
WSN, 5G, and smart city applications. The tunability range has
the potential to be further improved by adding 3D integrated
hinges in future work to simultaneously further enhance the
mechanical aspects, such as foldability and repeatability.
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