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Abstract: We experimentally demonstrate a bendable cloaking structure composed of obliquely
stacked planar metallic shells that individually enclose the objects to be hidden. The ensemble
of shells acts as a disordered oblique grating capable of bending along a curved structure and
exhibits broadband invisibility from 0.2 to 1.0 THz. Hiding cloaked objects sized hundreds of
microns could prevent the detection of certain powders that are sensitive to terahertz waves; such
a cloaking structure can also be considered as a shape-changing passageway that transfers the
electromagnetic waves without interfering with them. Our approach provides a unique way to
achieve broadband electromagnetic invisibility.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Invisibility cloaks have been widely studied over the past few decades; the primary underlying
principle is the prevention of the reflection and scattering of light by the cloaked object
to render it imperceptible. Several approaches have been explored to realize this, such as
transformation-based cloaks [1–5], carpet cloaks [6–8], plasmonic cloaks [9], transmission–line
[10] or inductor–capacitor [11] networks, a non-Euclidian transformation [12], anomalous
resonance methods [13], surface-wave transformation cloak [14], and unimodular transformation
[15]. The majority of these cloaking mechanisms are only effective for a single specific frequency
or within a very narrow bandwidth. Although carpet cloaks using non-resonant elements can
realize broadband invisibility with low loss [6,16–18], and ray-optics and diffusive-light cloaks
produced from glass or polymer can hide large objects in incoherent light in the visible-light
region [19,20], these broadband invisibility cloaks require a large volume of space and are not
bendable.
Meanwhile, bulk metals are known to be naturally opaque to light. Novel broadband

transmission methods that have been proposed to obtain metals that are broadband invisible,
include methods based on non-resonant excitations of spoof surface plasmons (SSPs) or surface
plasmons (SPs) [21–25], the coupling of guided resonance modes [26], and the asymmetric
transmission effect in metamaterials [27,28]. Oblique metal gratings have been demonstrated to
become transparent to broadband terahertz (THz) waves under normal incidence; this transparency
property is based on a non-resonance mechanism [24], but is still adversely affected by Wood’s
anomalies, which are intrinsic diffraction properties of periodic structures, and which can
significantly reduce the bandwidth of transparency. Fortunately, aperiodic metallic gratings are
capable of weakening and even eliminating Wood’s anomalies, leading to an increase in the
bandwidth of transparency [25]. Because the transparency is determined only by the surface
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of these metal structures, it is possible to hide the objects below the metallic surface; this
characteristic could possibly be exploited by devising a novel low-cost and simple method to
fabricate invisibility cloaks to prevent objects from being detected by electromagnetic waves
with a large bandwidth. However, metal structures that are known to be broadband transparent
are not bendable. Flexible and bendable structures [29–34] with broadband invisibility, which
cannot be detected by electromagnetic radiation over a wide range of frequencies and which can
be bent into different shapes, are highly desirable for various practical applications.
In this study, we theoretically propose and experimentally demonstrate a bendable cloaking

structure composed of obliquely stacked planar metallic shells which individually enclose the
objects to be hidden. The ensemble of shells, which acts as a disordered oblique grating and
is capable of bending along a curved structure, exhibits broadband invisibility from 0.2 to 1.0
THz. This transparency property is based on a non-resonance mechanism, which shows that
the property of broadband invisibility is only determined by the relation between the tilt angle
and duty cycle of the grating, regardless of the thickness of the grating. Moreover, when such
a bendable metamaterial is bent along a curved structure, it still transmits THz waves, and the
phase difference between the bendable metamaterial and free space can be suppressed by the
average effect from different units, which leads to broadband invisibility.

2. Bendable disordered metamaterials for broadband terahertz invisibility

A bendable cloaking structure that is not bent (disordered oblique grating) is schematically shown
in Fig. 1(a); a unit of this grating is the metal shell (with neglected metal thickness) with width a,
thickness h, and tilt angle φ, and the neighboring units are separated by a slit with a width p. The
cloaked objects hidden inside the metallic shells can be composed of any material that would
not undergo a chemical reaction with the metallic shells. A bendable cloaking structure formed
by bending the disordered oblique grating along a curve is shown in Fig. 1(b). The radius of
curvature is R. Transverse-magnetic (TM) polarized electromagnetic waves can efficiently be
transmitted through the slits, regardless of the disordered structure; thus, any cloaked objects
underneath the metallic shells would be undetectable to TM polarized electromagnetic waves
and become invisible.
We experimentally show that an unbent bendable cloaking structure can act as an invisibility

cloak in the THz range. As an example, we used strips coated with GaAs powder as the cloaked
objects. Bulk GaAs (Tebo Technology Co., Ltd.) was ground to form GaAs powder; then, this
powder was mixed with AB glue (Deli, 7148) and spread on the upper surface of a piece of
0.14-mm-thick paper sheet, which was cut into several strips with random strip widths in the
range of 3.5–4.5mm. These strips were used to construct a disordered oblique GaAs-coated
grating (cloaked objects) with random strip widths a (0.2–0.3mm), random strip thicknesses h
(3.5–4.5mm), random slit widths p (0.10–0.18mm), and a tilt angle φ= 36° (±1°). Then, similar
strips were covered with conductive silver paint (MECHANIC, MCN-DJ002). Upon drying, the
paint formed a shell consisting of a metal film with a thickness of approximately 1.0–2.0 µm
around the strips. These strips with the thin metal film coating were then used to construct a
disordered oblique grating [cloaking structure, as shown in Fig. 2(a)] with parameters similar to
the cloaked objects.

Using a THz real-time spectrometer (EKSPLA/THz, Lithuania), we measured the time-domain
signal E(t) of the THz pulse transmitted through the cloaked objects and cloaking structure, as
shown in Figs. 2(b) and 2(c). The time-domain signal of the cloaked objects has a significant
time delay compared to that of the air, whereas such a time delay is nearly absent from the
time-domain signal of the cloaking structure. This indicates that the cloaking structure conceals
information about the objects it covers. Clearly, the transmission spectrum of the cloaking
structure is nearly flat, and the transmission intensity of the cloaking structure is much higher
than that of the cloaked objects (by an order of magnitude ranging from nearly 0.4 to 1.0 THz),
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Fig. 1. Schematic representation of a cloaking structure: (a) an unbent bendable cloaking
structure; a unit of this disordered grating is a metal shell with width a, thickness h, and tilt
angle φ, and neighboring units are separated by a slit with a width of p. The cloaked objects
are hidden inside the metallic shells. (b) A bent cloaking structure with a radius of curvature
R. White arrows indicate the direction of electromagnetic waves at normal incidence.

as shown in Fig. 2(d). The phase shifts of the transmitted waves with respect to waves that are
freely propagating in air are shown in Fig. 2(e). The phase shift induced by the cloaked objects
increases sharply with the frequency and contains small oscillations. However, no sharp phase
changes or oscillations are observed on the transmission spectrum of the cloaking structure. This
experimentally confirms that the disordered oblique gratings consisting of metal shells act as an
invisible structure capable of allowing high and robust transmission of electromagnetic waves.
We compare the cloaking structure with a sample constructed by the paper sheet covered with
conductive silver paint while without the particles as shown in Fig. 2(c), we can see similar
time-domain signals of these two structures, so the information of particles is indeed being
cloaked.
We next discuss the underlying high and robust transmission mechanism of the proposed

invisibility cloak. The simulation results for a periodic oblique grating and two disordered
oblique gratings consisting of metal shells are shown in Fig. 3. These results were obtained by
a finite-difference time-domain method [35] using a commercial software package (Lumerical
FDTD Solution 8.0.1), and the metal can be regarded as a perfect electrical conductor. For a
typical periodic oblique grating, a metal film with a thickness of 2 µm is used to form the metal
shells with width a= 0.25mm, thickness h= 4mm, slit width p= 0.14mm, and tilt angle φ= 36°,
and it can be seen that excellent transmission is achieved within the broadband THz regime, with
the exception of a sharp decrease at 0.6 THz originating from Wood’s anomaly, as shown in
Fig. 3(a). The uniform phase map of the electromagnetic waves shows that this structure hardly
disturbs the electromagnetic waves, as shown in Fig. 3(b). To achieve broadband transparency for
a typical periodic oblique grating under normal incidence, the tilt angle φ of the oblique metal
gratings should be optimized first. The optimal tilt angle φf of the grating can be derived based
on the force-balance condition [23]. When the light illuminates the oblique metal grating in
Fig. 1(a), the incident electric field Ein drives the movement of free electrons on the top surface
AB and part of the slit wall BC, thus acting as a driving force on the electrons, thereby causing
them to move on AB and BC. When the total forces exerted on AB and BC are balanced, the
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Fig. 2. (a) Optical images of the unbent cloaking structure; the insets show the respective
cross sections, and the scale bar is 2mm. (b) Measured time-domain spectra for the
THz radiation transmitted through the cloaked objects; the reference spectrum is that of
dry air. (c) Measured time-domain spectra for the THz radiation transmitted through the
cloaking structure and a sample constructed by the paper sheet covered with conductive silver
paint while without the particles; the reference spectrum is that of dry air. (d) Measured
transmission spectra of the cloaked objects and cloaking structure. (e) Phase shifts for the
cloaked objects and cloaking structure with respect to freely propagating waves.

electrons can move smoothly around corner B without charge accumulation. Then, the charge
waves formed on AB and BC may propagate continuously on the unilluminated wall CD to the
bottom, resulting in strong light transmission through the slits. When the total force applied to
the surface AB is equal to that applied to the illuminated slit wall BC, we can obtain the optimal
tilt angle φf as: tan φf (1+ tan2 φf ) / (1+ tan φf )= a / (a+ p), where φf is only determined by the
duty cycle a / (a+ p), and is independent of the strip thickness h [24]. Fortunately, the tolerance
between tilt angle φ and the duty cycle is sufficiently large to achieve high transmission [24],
and thus, the duty cycle can vary within 53–75% in the above experiment with a fixed tilt angle
φ= 36°. Because this high transmission is independent of the strip thickness h, electromagnetic
waves can indeed be transmitted through the slits with random thicknesses h (3.5–4.5mm), and
the phase map is nearly flat, as shown in Figs. 3(d) and 3(e). Furthermore, because this high
transmission also occurred within a duty cycle with a relatively wide range, electromagnetic
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waves can be transmitted through the slits with both random thicknesses h (3.6–4.4mm) and
random slit widths p (0.12–0.16mm) with fixed width a= 0.25mm, and the wavefront of the
transmission is relatively flat as shown in Figs. 3(g) and 3(h). Only part of the disordered
structures are shown in Figs. 3(e) and 3(h), 30 different strips are used in the calculation. On the
basis of these results, it could be deduced that the high transmission is robust and independent of
the non-uniform structural parameters.

Fig. 3. (a) Calculated transmission spectrum, (b) phase map at 0.57 THz, and (c) dispersion
for a periodic oblique grating consisting of uniform metal shells. (d) Calculated transmission
spectrum, (e) phase map at 0.57 THz, and (f) dispersion for a disordered oblique grating
consisting of metal shells with non-uniform thickness h. (g) Calculated transmission
spectrum, (h) phase map at 0.57 THz, and (i) dispersion for a disordered oblique grating
consisting of metal shells with non-uniform thickness h and non-uniform width a. The
incident electromagnetic waves illuminate the bottom surface and are transmitted to the top.

We additionally calculated the dispersion maps for these three structures to show both
broadband and broad-angle high transmission. The dispersions were calculated for the oblique
gratings with a periodic structure [Fig. 3(c)], random thicknesses [Fig. 3(f)], and both random
thicknesses and metallic shell widths [Fig. 3(i)], respectively. The areas of high transmission
occur within the dashed white lines in the low-frequency region of these dispersion maps,
indicating both broadband and broad-angle high transmission; this high transmission is robust
against disordered structures. Based on the results presented thus far, it could be concluded that
the above metamaterial composed of oblique metal gratings can achieve high transmission that
is robust against disordered structures. This suggested that it would be possible to utilize this
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robustness to achieve invisibility. The cloaked objects intended to be hidden can be composed of
any material that is chemically inert with respect to the metallic shells. The cloaking is based on
the following principle: structures exposed to electromagnetic waves would transmit the waves
through the obliquely stacked planar metallic shells and the waves would remain unaffected by
the cloaked objects inside the metallic shells, as though these objects did not even exist.
More interestingly, we tune the tilt angle φ to observe its influence on the invisibility. The

calculated transmission spectra of the periodic oblique gratings consisting of metal shells with
different tilt angles φ are shown in Fig. 4(a), and it can be seen that broadband high transmission
occurs within a broad range of tilt angles, particularly from 20° to 50°. The phase shift with respect
to freely propagating waves after passing through the oblique gratings for different tilt angles φ is
shown in Fig. 4(b); the phase shift for the incident wave changes gradually when φ increases
(or decreases) because the equivalent optical path is gradually changed. Thus, broadband high
transmission can also be achieved for a curved cloaking structure (curved disordered oblique
grating), and the phase shift of this curved cloaking structure could be suppressed, because the
phase shift of the entire structure is the average effect of the units with different tilt angles.

Fig. 4. (a) Calculated transmission spectra of oblique gratings consisting of metal shells
with different tilt angles φ. (b) Phase shift with respect to freely propagating waves after
passing through the oblique gratings for different title angles φ. a= 0.25mm, h= 4mm,
p= 0.14mm.

The disordered oblique grating consisting of metal shells forms a bendable cloaking structure;
a curved cloaking structure is obtained by bending the cloaking sample shown in Fig. 2(a).
A cross-sectional image of the curved cloaking structure is shown in Fig. 5(a); the radius of
curvature for this sample is approximately 2.7 cm. The transmission spectra were measured for
both the curved cloaking structure (curved disordered oblique grating consisting of metal shells)
and the curved cloaked objects (curved disordered oblique GaAs-coated grating without metal
shells). The results showed that the transmission of the curved cloaking structure is nearly flat,
and it is much higher than that of the cloaked objects in the range 0.2− 1.0 THz, as shown in
Fig. 5(b). The phase shift of the curved cloaked objects increases sharply at low frequencies
and exhibits wide fluctuations at high frequencies, as shown in Fig. 5(c). In contrast, the phase
shift of the curved cloaking structure is largely eliminated by the average effect of each unit with
different tilt angles and only changes slightly with the frequency, as shown in Fig. 5(c). A model
with a gradual phase change can be used to understand the suppression of the phase shift in the
curved cloaking structure. For the curved cloaking structure, the phase change for each unit is
different, and φ changes gradually as the position of the structure varies in space. Therefore, with
respect to freely propagating waves, the phase shift changes gradually after passing through the
curved cloaking structure. The phase shift of the entire structure is an average effect resulting
from the different tilt angles of the units. Thus, we carefully selected the radius of curvature
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at which the detected phase shift of the curved cloaking structure becomes nearly constant and
tends to zero from 0.2 to 1.0 THz in the experiment. This is an intriguing result suggesting
that a bendable curved cloaking structure could also be invisible to achieve high and robust
transmission with relatively small phase shifts. We also assessed this curved cloaking structure
by recording the transmission spectra and measuring the phase difference at different incident
angles, compared to that of normal incidence as show in Figs. 5(d) and 5(e), respectively. These
results show that the curved cloaking structure can, at minimum, function for incident angles
ranging from -10° to 30° (the positive incident direction is defined to be identical to φ); within
this range, the broadband high transmission is maintained and the phase changes slightly with the
frequency. The applicable range of incident angles are from -10° to 30°, which is asymmetric
because the structure as shown in Fig. 5(a) is asymmetric.

Fig. 5. (a) Cross-sectional image of the curved cloaking structure; the scale bar is 4mm. (b)
Measured transmission spectra for the curved cloaked objects and curved cloaking structure
at normal incidence. (c) Phase shifts for the curved cloaked objects and curved cloaking
structure with respect to freely propagating waves at normal incidence. (d) Measured
transmission spectra and (e) measured phase difference for the curved cloaking structure for
the cases at oblique incidence compared to one at normal incidence.

It is worthwhile to emphasize the advantages and space for improvement for this bendable
cloaking structure holds for practical applications. First, the structure retains its broadband
invisibility when it is bent. Second, the transmission is robust against the disordered structure.
Third, these cloaks are easy to fabricate by simply painting or spraying metallic thin films onto
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the target objects to be cloaked and arranging them as similar oblique gratings. Fourth, this
cloaking is polarization-sensitive in present 1D case, but in principle, such type of cloaking can
become polarization-insensitive in 2D or higher-dimensional structures. Fifth, the transmission
in the experiment can become higher by using thicker metallic films or materials with better
conductivity, e.g. coating thick gold films. Sixth, the sizes of the cloaked objects here are smaller
than the metal shell width a and thickness h, compared to other cloaks which have one concealed
volume, each metal shell in our structure can be used to hide objects, so the total volume for the
cloaked objects to the volume of the sample is close to a / (a+ p).

3. Conclusions

Here, we demonstrated a bendable cloaking structure composed of obliquely stacked planar
metallic shells that individually enclose the objects to be hidden. The ensemble of shells acts as
a disordered oblique grating that can be bent to form a curved structure; this bendable cloaking
structure exhibits broadband invisibility from 0.2 to 1.0 THz, and the curved cloaking structure
is functionally effective for incident angles ranging from -10° to 30°. A wide range of practical
applications exists that would require hiding cloaked objects with sizes of the order of hundreds
of microns, which are smaller than the sizes of the metal shells. These applications include
preventing certain powders that are sensitive to THz waves from being detected, and providing a
passageway to transfers the THz waves without any interference by these waves themselves, such
as camouflaging and anti-detection. In principle, similar cloaking effects can be achieved for a
broad bandwidth of frequencies ranging from infrared to radio waves. Moreover, once extended
to radio waves, these types of invisible structures could prevent small flying robots from being
detected by radar.
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