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The technique of “transformation optics” establishes a correspondence between coordinate transforma-

tion and material constitutive parameters. Most of the transformation optics mappings give metamate-

rials that have graded positive refractive indices that can steer light in curves defined by the coordinate

transformation. We will focus on those “folded-geometry mappings” that give negative refractive index

materials that have special wave scattering properties. One interesting example is a kind of remote illu-

sion device that can transform the stereoscopic image of an object into the illusion of some other object

of our choice. The conceptual device can create the illusion without touching or encircling the object.

For any incident wave, the device transforms the scattered waves of the original object into that of the

object chosen for illusion outside a virtual boundary. We will illustrate some possible applications of

this type of metamaterial remote device, including “cloaking at a distance,” partial cloaking, cloaking

from an embedded device, revealing a hidden object inside a container, turning the image of one object

into that of another object, and seeing through a wall. The feasibility of building this remote illusion

device by metamaterials will also be discussed.
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1 Introduction

As the saying goes, “seeing is believing.” Throughout

history, witnessing with the eyes has been used as proof
of existence or as evidence. On the other hand, the ef-
fects of illusions, such as mirages, have been well known
to lead people to draw incorrect conclusions, sometimes
with dire consequences. Illusion effects have fascinated
people for centuries and have inspired myths, novels, and
films.

One of the most fascinating illusion effects is invisibil-
ity cloaking. Recently, cloaking has experienced rapid
development in both theory and experiment [1–32]. One
big advance is a new theory called transformation op-
tics that can steer light along arbitrary curves and thus
provides a theoretical foundation for cloaking [1–4]. In
transformation optics, when a coordinate transformation
has been applied to Maxwell’s equations, a spatially dis-
tributed set of constitutive parameters is obtained, which
guarantees a mapping relation between the electromag-
netic states in the original space and the new states in
the transformed space. Transformation optics has many
novel applications [1–19, 28, 33–50]. In the case of cloak-
ing, a cloaking shell that functions as a sphere of free
space is formed by a coordinate transformation from the
sphere to the shell. When a beam of light enters the
shell, it is bended around the interior region and then
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directed to come out on the other side of the shell in a
way as if it has passed through a region of free space. In
the process, light is prevented from entering the interior
region as well as being scattered by the hidden object
inside. Invisibility is thus achieved.

It is not easy to build such a cloaking shell. This is be-
cause that the constitutive parameters of the shell, which
is obtained from transformation optics, have graded and
anisotropic indexes, and tend to extreme values at the
interior boundary of the shell. Fortunately, these param-
eters are enabled by a new kind of man-made materials
called metamaterials [51–56], which are made of carefully
designed subwavelength structures. They can be engi-
neered to offer electromagnetic properties that are diffi-
cult or impossible to achieve with conventional materials,
such as artificial magnetism [51] or negative refractive
index materials [52–56]. The first experimental realiza-
tion of cloaking was carried out at microwave frequencies
by using metamaterials composed of split-ring resonators
[12]. Subsequently, an optical version of the cloak has
been proposed based on metal wire metamaterials [13].
Recently, there are also some approaches using nonreso-
nant structures due to their low-loss and broadband fea-
ture in optical regime. A non-Euclidean cloak has been
proposed using transformation optics in Non-Euclidean
space and thus contains no extreme constitutive parame-
ters [14]. Another approach is a so-called “carpet cloak,”
which also avoids extreme parameters by making a cloak
attached to a ground plane [15]. The “carpet cloak” has
been experimentally demonstrated at microwaves and
near infrared frequencies by using dielectrics structures
[16–18]. Waveguides of varying height have also been
utilized to make invisibility cloaks [19].

Besides the light-bending transformation optics ap-
proach, there exist other ways to realize cloaking [20–32].
Even before transformation optics, it has been proposed
that by making a plasmonic coating on a particle, the
scattering cross section of the particle can be reduced
dramatically [20], achieving a cloaking effect. The prin-
ciple of this cloaking effect is the “cancellation” of the
particle and its plasmonic coatings, and this approach
exhibits a possibility of achieving multifrequency func-
tionality as well as “cloaking a sensor” [20–22]. Another
interesting finding is the possibility of cloaking outside a
cloaking shell [25–27]. It was first mathematically shown
that in the quasistatic limit, a finite collection of polariz-
able line dipoles or quadrupoles can be cloaked within a
distance from a coated cylinder with a shell permittivity
of εs ≈ −εm ≈ −εc, where εm is the matrix permit-
tivity, and εc is the core permittivity [25]. This cloak-
ing effect is induced by the anomalous localized reso-
nances on the surface of the negative permittivity shell
that almost “cancels” the incident field acting on the
dipole/quadrupole. However, it has been pointed out
that this cloaking effect fails for large-sized objects [27].

Recently, we have proposed another scheme to real-
ize “cloaking at a distance” using transformation optics
[28]. In theory, our approach works for any objects of
any material makeup and any shape at a particular fre-
quency. The key concept behind our idea is “comple-
mentary medium”, which is a special form of negative
refraction index material formed by applying “folded-
geometry mappings” (see, e.g., Ref. [5]) in transforma-
tion optics. The concept of complementary media was
first proposed to explain the imaging effect of devices,
such as the “perfect lens” [57–59]. It is known that com-
plementary medium has a special property of optically
“cancelling” a certain volume of space at its working fre-
quency. Based on this, we proposed to cloak an object
in two steps. First, the object as well as its surrounding
space is “canceled” by using a complementary medium
layer with an embedded complementary “image” of the
object. Then, the “canceled” space is “refilled” by using
a “restoring medium,” which restores the correct optical
path that light should have experienced passing through
a region of free space. The combination of the comple-
mentary medium and restoring medium constitutes our
cloaking device. In this approach, cloaking is realized by
the multiple scattering processes between the object and
its cloaking device. For any incident waves, the scatter-
ing pattern of both object and the cloaking device are
changed in an amazing way such that the total scattered
waves outside a virtual boundary almost vanish. This
mechanism is very different from that of previous light-
bending approaches. As a result, our cloaking device can
realize “cloaking at a distance” for any incident waves.

There are some interesting applications that arise from
the “remote” nature of our cloaking device. One is the re-
alization of “partial cloaking,” i.e., making part of an ob-
ject invisible while retaining the other parts unchanged.
This further enables “seeing through the wall” by mak-
ing a virtual hole on a wall and “revealing a hidden ob-
ject inside a container” by making the container invisi-
ble without cloaking objects inside. “Cloaking from an
embedded device” also becomes possible, in contrast to
previous cloaking devices that must enclose objects from
outside.

Most recently, another innovative way of cloaking uti-
lizing active sources instead of passive metamaterials has
been proposed [29–32]. The advantage of active sources
is that the functionality of device can be made into
broadband in theory, in contrast to those of resonant
metamaterials. It was shown that external cloaking can
also be achieved by using several points/disks of active
multipole sources [30]. Recently, we have extended the
scheme to simple sources on continuous curves and to
create arbitrary illusions [32].

Since invisibility can be viewed as an illusion of free
space, cloaking is actually a special case of the illusion
tricks. Similar to the concept of cloaking, turning an
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object into a stereoscopic illusion has a long history of
public fantasy. One famous example is the 72 transfor-
mation magic of the Monkey King in Pilgrimage to the
West in the Chinese literature. Recently, we show that
the cloaking device can be modified to be become an
illusion device [33], i.e., a device that changes the ap-
pearance of an object into that of another object of our
choice. The recipe is to change the “restoring medium”
such that the object for illusion is restored instead of sim-
ply free space. The scattered waves of the whole system
outside a virtual boundary will be changed into those
of the object for illusion under the same incident waves,
thus any observer outside will see the stereoscopic illusion
instead of the original object. This simple idea proves,
in a scientific way, an exciting fact that a total illusion
effect for all angles is possible (unlike the mirror, TV, or
mirage that work only for certain angle of view at certain
distances).

It should be mentioned that before the idea of illusion
optics was proposed, some specific illusion effects have al-
ready been discussed, such as the “cylindrical superlens”
[34] that behaves in a similar way of “superlens” [57], the
shifted-position illusion in a similar shell structure [35],
the “superscatterer” that appears like a scatterer much
bigger than the device [36], “concealing an entrance” by
using a rectangular superscatterer [37], the “reshaper”
that is an illusion of PEC with arbitrary shape [38],
the “superabsorber” that is an illusion of a bigger ab-
sorber [39], etc. Our work actually gives a systematic
understanding and unified theory for these illusion ef-
fects. Other interesting ideas that appear at about or
after our work are “a tunable electromagnetic gateway”
[40], an “illusion media” cloak that turns the original
light-bending cloaks into its illusion counterparts [41], a
“moving particle” illusion realized by positive parameter
metamaterials [42]. Most of the efforts mentioned above
are theoretical. The lack of experimental work is prob-
ably due to current difficulties of making metamaterials
of the precise permeability and permittivity at precise
positions and especially metamaterials with negative pa-
rameters. This will be discussed in detail later.

In Section 2, we first give a brief introduction to the
theory of transformation optics. Then, we prove our
scheme of the external cloaking and illusion effects by us-
ing the folded-geometry mapping in transformation op-
tics. In Section 3, we demonstrate some cloaking effects
by using illusion devices designed in the cylindrical ge-
ometry, including cloaking at a distance, partial cloak-
ing, cloaking from an embedded device, and revealing a
hidden object inside a container. In Section 4, we show
illusions and cloaking effects realized by using illusion
devices designed in Cartesian geometry, including turn-
ing the stereoscopic image of a spoon into that of a cup
and seeing through the wall by opening a virtual hole.
In Section 5, the conclusion is made, and the feasibility

of making cloaking and illusion devices is discussed.

2 Theory

2.1 Transformation optics

We start from the Maxwell’s equations

∇× E + iωμH = 0, ∇× H − iωεE = 0 (1)

The central idea of transformation optics is that when a
coordinate mapping x′ = x′(x) is applied, the Maxwell’s
equation in the new coordinate can be written as:

∇× E′ + iωμ′H ′ = 0, ∇× H ′ − iωε′E′ = 0 (2)

where ε and μ are permittivity and permeability in
the original space x, ε′ and μ′ are permittivity and
permeability in the new space x′, i.e., the transforma-
tion medium. This means that the form of Maxwell’s
equations is preserved after a coordinate transformation.
Therefore, the coordinate transformation guarantees a
mapping relationship between the electromagnetic states
in the original space and the new states in the trans-
formed space. The electromagnetic fields in the trans-
formation medium can be explicitly written as:

E′(x′) = (AT)−1E(x), H ′(x′) = (AT)−1H(x) (3)

where A = (∇x′)T with components Aij = ∂x′
i/∂xj.

The permittivity and permeability of the transformation
medium can be written as:

ε′(x′) = Aε(x)AT/detA

μ′(x′) = Aμ(x)AT/detA
(4)

The detailed proof of the invariance of the form of
Maxwell’s equations can be found in Ref. [4]. When
the coordinate mapping x′ = x′(x) is determined, the
transformation medium is also determined.

2.2 Illusion optics

We shall prove here that by using the complementary
medium and the restoring medium designed from trans-
formation optics, we are able to transform an object into
an illusion of another object of our choice. In order to
prove this, we consider two worlds, one is the real world
with the original object and the illusion device, and the
other is the illusion world with only the object for il-
lusion. In order to achieve a total illusion effect for all
angles, the far field electromagnetic responses of the orig-
inal object plus the illusion device must be equal to the
illusion object, for any incident waves.

Consider the configuration depicted in Fig. 1. In Fig.
1(a), an illusion device is placed next to a domain that
contains a man (the object). The passive device causes
any observer outside the virtual boundary (the dashed
curves) to see the image of a woman [the illusion, Fig.
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1(b)] instead. In other words, such an illusion de-
vice makes the electromagnetic fields outside the virtual
boundary in both the real [Fig. 1(a)] and illusion [Fig.
1(b)] worlds the same, irrespective of the profile and di-
rection of the incident waves. A schematic blueprint for
the device is shown in Fig. 1(c). The device itself can
be divided into two regions, i.e., regions 1 and 2. Re-
gion 2 includes the complementary medium used to an-
nihilate the optical signature of the man, while region 1
includes the restoring medium that creates the image of
the woman. Both media are designed using transforma-
tion optics. The complementary medium is formed by
a coordinate transformation of folding region 3, which
contains the man, into region 2. The restoring medium
is formed by a coordinate transformation of compress-
ing region 4 in Fig. 1(d), which contains the illusion,
into region 1. The permittivity and permeability ten-
sors of both media in the illusion device are obtained
by ε(2) = Aε(3)AT/ detA, μ(2) = Aμ(3)AT/ detA,
ε(1) = Bε(4)BT/ detB and μ(1) = Bμ(4)BT/ detB,
where ε(i) and μ(i) are the permittivity and perme-
ability tensors in region i, respectively. A and B are
the Jacobian transformation tensors with components
Aij = ∂x

(2)
i

/
∂x

(3)
j and Bij = ∂x

(1)
i

/
∂x

(4)
j , correspond-

ing to the coordinate transformations of folding region
3 into region 2 and compressing region 4 into region 1,
respectively.

Fig. 1 The working principle of an illusion device that trans-
forms the stereoscopic image of the object (say a man) into that
of the illusion (say a woman). (a) The object and the illusion
device in real world. (b) The illusion in illusion world. (c) The
physical description of the illusion device. It is composed of the
complementary medium (region 2) that optically “cancels” a piece
of space including the man (region 3), and the restoring medium
(region 1) that restores a piece of the illusion space including the
illusion [region 4 in (d)].

The electromagnetic fields in the complementary and
the restoring media can also be obtained from trans-
formation optics as E(2) = (AT)−1E(3), H(2) =
(AT)−1H(3), E(1) = (BT)−1E(4), and H(1) =
(BT)−1H(4), where E(i) and H(i) are the electric and
magnetic fields in region i, respectively. From the match-

ing of the boundary conditions on surface a (the red
solid curve) between the complementary medium and
the restoring medium, we have E

(2)
t (a) = E

(1)
t (a) and

H
(2)
t (a) = H

(1)
t (a), where subscript t indicates trans-

verse components along the surface. Both the fold-
ing transformation, A, and compression transformation,
B, map one part of the virtual boundary, i.e., surface
c (the red dashed curves), to surface a. If this one-
to-one mapping from c to a is the same for both A

and B, i.e., x
(2)
a (x(3)

c ) = x
(1)
a (x(4)

c ), then we can ob-
tain that E

(3)
t (c) = E

(4)
t (c) and H

(3)
t (c) = H

(4)
t (c) on

surface c from transformation optics in curved coordi-
nates. In addition, we also have E

(1)
t (d) = E

(4)
t (d) and

H
(1)
t (d) = H

(4)
t (d) on surface d (the blue dashed curves),

as long as d is mapped to itself during transformation B.
Therefore, the tangential components of the electromag-
netic fields on the whole virtual boundary (c and d) are
exactly the same in the real and illusion worlds, and con-
sequently, by the uniqueness theorem, the electromag-
netic fields outside are also the same. Any observer out-
side the virtual boundary will see electromagnetic waves
as if they were scattered from the illusion object (the
woman and nothing else). More details can be found in
the Auxiliary Material of Ref. [33].

For the special case of cloaking, the object in illusion
world in Fig. 1 should be replaced with empty space
left in region 4 [Fig. 1(d)], where the restoring medium
(region 1) is transformed from. In this way, the illusion
device is turned into a cloaking device that works in a
remote way.

It should be mentioned that the illusion device may not
necessarily have an overlapping with the virtual bound-
ary, i.e., surface d. For the case of no overlapping, the
restoring medium becomes a core medium surrounded by
a layer of the complementary medium. The illusion ef-
fects will be the same. In the following section, we show
some applications of illusion devices designed in cylin-
drical geometry, including cloaking at a distance, partial
cloaking, cloaking from an embedded device, and reveal-
ing a hidden object inside a container. All the numer-
ical simulations below are demonstrated using a finite
element solver (Comsol Multiphysics) and are in two di-
mensions. In two dimensions, the electromagnetic waves
can be decoupled into TE waves (E along the z direc-
tion) and TM waves (H along the z direction). We show
only the TE results for brevity and the parameters can
be tuned to work for both TE and TM waves.

3 Cloaking effects by using illusion devices de-

signed in cylindrical geometry

3.1 Cloaking at a distance

First, we show a scheme of folded-geometry mapping in



312 Yun LAI, et al., Front. Phys. China, 2010, 5(3)

Fig. 1(a), a circular layer of complementary media with
parameters ε′ and μ′ that optically cancel an outer cir-
cular layer of air. The complementary medium can be
obtained by folding a layer of air (b < r < c) back into
the layer of complementary medium (a < r′ < b). Con-
sider a general coordinate transformation of the form
r = f(r′) [28], in which f(r′) is a continuous function of
r′ that satisfies f(b) = b and f(a) = c.

Then, ε′ and μ′ of the complementary medium can be
obtained from Eq. (4) and written as:

ε′r = μ′
r = f(r′)/r′f ′(r′),

ε′θ = μ′
θ = r′f ′(r′)/f(r′),

ε′z = μ′
z = f(r′)f ′(r′)/r′.

(5)

For f(r′) = (r′ − b) ·(c − b)/(a − b)+b, which is a simple
linear mapping, ε′ and μ′ are anisotropic. However, if
we choose f(r′) = b2/r′ and c = b2/a, we can obtain
isotropic parameters ε′ and μ′ as μ′

r = μ′
θ = −1, ε′z =

−b4/r′4 for TE waves, and ε′r = ε′θ = −1, μ′
z = −b4/r′4

for TM waves.
In order to restore the optical path, we use a restoring

medium (core material) with μ′′
r = μ′′

θ = ε′′z · a2/c2 = 1
for TE waves and ε′′r = ε′′θ = μ′′

z · a2/c2 = 1 for TM
waves, which are obtained by coordinate transformation
of r = c/a · r′′, i.e., by compressing a large circle of air
with radius c into a small circle with radius a. With such
a core material, the wave experiences the same optical
path as that in a circle of air with a radius c. In this
way, the whole system, including the outer air layer, the
complementary medium layer, and the core material, is
optically equal to a circle of air with radius c, and it is
thus invisible to any form of external illumination.

Now, suppose that an object of permittivity εo and
permeability μo is added in the outer circular layer of
air, and we want to make it invisible. It is always pos-
sible to include a complementary “image” of the object
with parameters ε′

o and μ′
o as:

ε′or

εor
=

μ′
or

μor
=

f(r′)
r′

1
f ′(r′)

ε′oθ

εoθ
=

μ′
oθ

μoθ
=

r′

f(r′)
f ′(r′)

ε′oz

εoz
=

μ′
oz

μoz
=

f(r′)
r′

f ′(r′)

(6)

in the complementary media layer, as shown in Fig. 1(b).
In this way, the object of εo and μo is optically “can-
celed”. This recipe suggests a way to conceal an object
from electromagnetic waves within a specific distance
outside the cloak, i.e., cloaking at a distance.

In the following, we carry out full wave simulations
using the finite-element software “Comsol Multiphysics”
to demonstrate “cloaking at a distance”. We consider a
TE incident plane wave from below or a point source
with wavelength λ = 1 unit. In Fig. 3(a), we first

demonstrate the scheme shown in Fig. 2(a), i.e., a shell
of complementary medium (0.5 < r′ < 1) and a core
of restoring medium (r′′ < 0.5) that should be invisi-
ble. A linear transformation mapping f(r′) = 3 − 2r′ is
applied. Moreover, we obtain the following parameters
for the complementary medium and the core medium:
μ′

r = (r′ − 1.5)/r′ , μ′
θ = r′/(r′ − 1.5), ε′z = (4r′ − 6)/r′,

and ε′′z = 16. The absence of scattered waves in Fig.
3(a) clearly verifies the invisibility of the whole system.
Next, we demonstrate cloaking at a distance by using
the scheme shown in Fig. 2(b). The object to be cloaked
is chosen to be a dielectric curved sheet of thickness 0.3
with parameters εo = 2 and μo = 1, positioned between
the circles of r = 1.5 and r = 1.8. In Fig. 3(b), the scat-
tering pattern of such a single dielectric curved sheet is
shown. In order to make the object invisible, we modify
the complementary medium layer in Fig. 3(a) to include
a complementary “image” of the curved sheet with pa-
rameters ε′oz = 2ε′z and μ′

o = μ′, positioned between
the circles of r′ = 0.6 and r′ = 0.75. In Fig. 3(c),
we clearly show that the total scattered electric fields
of the illusion device and the curved sheet are almost
zero, which indicates a good cloaking effect. In particu-
lar, we note that the invisibility cloak does not cover the
object here. The cloaking effect comes from the multi-
ple scattering between the illusion device and the object,
which induces some high-intensity evanescent waves on
the surface of the illusion device. We note that there
is no constraint on the shape or size of the object to be
cloaked, as long as it fits into the region bounded between
b < r < c. In Fig. 3(d), we demonstrate the cloaking
of two curved sheets. The sheet on the left bounded
between 1.2 < r < 1.5 has an anisotropic permeability
of μor = 1 and μoθ = −1. The sheet on the downside
bounded between 1.5 < r < 1.8 has a linearly chang-
ing permittivity of εo = 1 + (1.8 − r)/0.3. In this case,
two complementary “images” are embedded at the cor-
responding imaging positions in the negative index shell.
One “image” is of μ′

or = μ′
r, μ′

oθ = −μ′
θ, and ε′oz = ε′z,

and the other “image” is of ε′oz = ε′z[1 − (0.6 − r′)/0.15]
and μ′

o = μ′. A perfect cloaking effect is demonstrated

Fig. 2 The scheme of cloaking at a distance. (a) An invisi-
ble device composed of a shell of complementary median of ε′, μ′
(a < r′ < b) formed by folding the shell of b < r < c into
a < r′ < b, and a restoring core material of ε′′, μ′′ (r′′ < a). (b)
A scheme to cloak an object of εo, μo by placing a complementary
“image” of the object ε′

o, μ′
o in the complementary media layer

of the device shown in (a).
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Fig. 3 Snapshots of the total electric fields under an incident TE plane wave from below [(a)–(c)] and a point source
(d). (a) The demonstration of Fig. 2(a). Invisibility is achieved by the combination of a shell of complementary medium
(0.5 < r′ < 1) and a core of restoring medium (r′′ < 0.5). (b) Scattering of a curved sheet of thickness 0.3, with permittivity
εo = 2. (c) The curved sheet in (b) is cloaked by embedding a complementary “image” of the sheet in the complementary
medium layer of the device in (a). (d) Two curved sheets, one on the left has anisotropic permeability μor = 1 and μoθ = −1
and the other has permittivity εo = 1 + (1.8 − r)/0.3, are both cloaked by an invisibility cloak designed accordingly.

with a point source positioned at (2, 2).

3.2 Partial cloaking

By using the “remote” property of the illusion device,
we demonstrate a partial cloaking effect, in which only
a part of an object is “cloaked,” while the other parts
remain unaffected. In Fig. 4(a), we show that the scat-
tering of a thick curved sheet bounded between 1.2 <

r < 1.8 is changed by an illusion device that “cloaks”
the inner part of the sheet, i.e., 1.2 < r < 1.5, rendering
the scattering pattern to become almost the same as that
of a thin curved sheet of 1.5 < r < 1.8, as shown in Fig.
4(b). This means that the thick sheet is partially cloaked

and therefore is optically turned into a thin sheet. Here,
a linear transformation mapping f(r′) = 2−r′ is applied
to obtain the parameters of the complementary medium
layer of 0.5 < r′ < 1. The restoring core is of ε′′z = 9. The
total effect is that the cloaking effect is limited within a
virtual boundary of r = 1.5.

3.3 Cloaking from an embedded device

The cloaking devices proposed previously require the
cloaking shell to enclose the object. Here, we illustrate
that our cloaking scheme allows us to cloak from within
the object. We will cloak a dielectric shell of εo = 2 and
μo = 1 bounded between 1.5 < r < 1.8, as shown in Fig.

Fig. 4 Snapshots of the total electric fields under an incident TE plane wave from the left. (a) Demonstration of partial
cloaking. The scattering pattern of a thick curved sheet with its inner parts “cloaked” by an illusion device is the same as
that of a thin curved sheet, which is shown in (b).
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Fig. 5 Snapshots of the total electric fields under an incident TE plane wave from below. (a) A dielectric circular shell
with permittivity εo = 2. (b) The circular shell in (a) is cloaked by an invisibility cloak placed within the shell. (c) A
circular shell with permittivity εo = −1. (d) The circular shell in (c) is cloaked by a similar invisibility cloak as that in (b).

5(a), as well as its scattering pattern under a plane wave
illumination from below. In this case, a complementary
“image” shell with ε′oz = 2ε′z and μ′

o = μ′, positioned
between the circles of r′ = 0.6 and r′ = 0.75, is embed-
ded inside the negative index complementary shell of the
device shown in Fig. 3(a). In Fig. 5(b), we show that
the dielectric shell are perfectly “cloaked” by an illusion
device with embedded shell “image” from inside the shell
instead of from outside, as the wave pattern is almost a
perfect plane wave. In Fig. 5(c), we consider another
circular shell of εo = −1 and μo = 1. The scattering
pattern for such a shell, which is shown in Fig. 5(c), is
similar to that of a metal shell. In this case, the com-
plementary “image” shell with ε′oz = −ε′z and μ′

o = μ′

is embedded. In Fig. 5(d), the calculated electric fields
after the “metallic” shell is cloaked by the illusion de-

vice are shown. Again, an excellent cloaking effect is
manifested by the perfect plane wave pattern.

3.4 Revealing a hidden object inside a container

Previously, we have shown that an object with a shell
shape can be cloaked from inside. Here, we show that
it can also be “removed” from outside such that a hid-
den object inside the shell can be revealed. As shown
in Fig. 6(a), a dielectric object of ε = 5 is hidden in-
side a circular opaque shell of ε = −1. In Fig. 6(b),
we show that when an illusion device is placed outside
the opaque shell, light tunnels into interior domain and
excite the hidden object. The scattering pattern out-
side the illusion device is almost the same as that of the
hidden object itself, as shown in Fig. 6(c). Therefore, the

Fig. 6 Snapshots of the total electric fields under an incident TE plane wave from the left. (a) An object of ε = 5 is hidden
inside a circular opaque shell of ε = −1. (b) An illusion device consisting of an inner shell of complementary medium and an outer
shell of restoring medium is placed outside the opaque shell. It is clearly seen that the scattering pattern is changed into exactly
the same pattern as the scattering pattern of the object itself, as shown in (c).
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object is revealed by the illusion device. The illusion
device consists of two shells, i.e., an inner shell of com-
plementary medium “cancelling” the opaque shell (1 <

r′ < 1.5), and an outer shell of restoring medium that
restores free space (1.5 < r′′ < 1.8). The complementary
medium layer is formed by the mapping f(r′) = 2 − r′,
while the restoring medium is formed by the mapping
f(r′′) = 1.3(r′′ − 1.8)/0.3 + 1.8. By inserting the map-
pings into Eqs. (5) and (6), the parameters can be easily
obtained.

4 Cloaking and illusion effects by using illu-
sion devices designed in Cartesian geometry

4.1 Transforming the stereoscopic image of a dialectric
spoon into that of a metallic cup

Previously, we have shown some cloaking effects of the
illusion device designed in cylindrical geometry. In fact,
the illusion device can be designed in any geometry. In
the following, we demonstrate two applications of illusion
devices designed in Cartesian geometry. The first one is
an illusion device that transforms the stereoscopic image
of a spoon of εo = 2 into that of a cup of εi = −1. Figure
7(a) and (c) plot, respectively, the scattering patterns of
the dielectric spoon and the metallic cup, under the illu-
mination of a TE plane wave of wavelength λ = 0.25 unit
from below. In Fig. 7(b), an illusion device is placed be-
side the spoon. The scattering pattern around the spoon
and the illusion device is altered in such a way that it
appears as if there is only a metallic cup. This can be
clearly seen by comparing the field patterns of the spoon
plus the illusion device shown in Fig. 7(b) with that of
the metallic cup shown in Fig. 7(c). The field patterns
are indeed identical outside the virtual boundary. Inside
the virtual boundary, the field patterns in Fig. 7(b) and
(c) are completely different. Strong fields are localized on
the surface of the illusion device due to the multiple scat-
tering of light between the spoon and the illusion device.
This indicates that the illusion effect is a steady-state

phenomenon that takes some time to establish.
The illusion device in Fig. 7(b) is composed of four

parts of homogeneous media. The lower trapezoidal
part is the “complementary medium” formed by a sim-
ple coordinate transformation of y(2) = −y(3)/2. It is
composed of a negative index homogeneous medium of
ε
(2)
z = −2, μ

(2)
x = −2, and μ

(2)
y = −0.5, with an embed-

ded complementary “image” of the dielectric spoon with
ε
(2)
oz = −4 and μ

(2)
o = μ(2). The upper left triangular

part, the upper right triangular part, and the upper mid-
dle rectangular part collectively constitute the “restor-
ing medium”. The upper left and right triangular parts
are composed of a homogeneous medium with ε

(1)
z = 4,

μ
(1)
xx = 4, μ

(1)
yy = 20.5, and μ

(1)
xy = ±9, formed by the co-

ordinate transformations of the forms y(1)∓3(x ± 0.6) =
1/4 · [y(4) ∓ 3(x ± 0.6)], respectively. The upper middle
rectangular part is composed of a homogeneous medium
of ε

(1)
z = 4, μ

(1)
x = 4, and μ

(1)
y = 0.25, with an embed-

ded compressed version of the metallic cup illusion of
ε
(1)
iz = −4 and μ

(1)
i = μ(1), formed by the coordinate

transformation of y(1) − 0.6 = 1/4 · (y(4) − 0.6). It is im-
portant to note that the homogeneity in the permittivity
and permeability of the illusion device is a consequence of
the simple Cartesian coordinate transformations applied
here.

4.2 Seeing through a wall

Another interesting application of the illusion device in
Cartesian geometry is that it enables people to open a
virtual hole in a wall or obstacle. As shown before, the
illusion device is capable of partial cloaking, i.e., trans-
forming one part of an object into an illusion of free
space, thus rendering that part invisible while leaving
the rest of the object unaffected. By making one part of
the wall invisible (i.e., making an illusion of a “hole”),
we can see through the wall and obtain information from
the other side. In Fig. 8(a), we see that a wall of
εo = −1 with a width of 0.2 units is capable of blocking
most of the energy of the TE electromagnetic waves of
λ = 0.25 unit radiating from a Gaussian beam source

Fig. 7 Snapshots of the total electric fields under an incident TE plane wave from below. (a) The scattering pattern of the
dielectric spoon. (b) The scattering pattern of the dielectric spoon is changed by the illusion device. Outside the virtual boundary,
the scattering pattern becomes the same as that of the metallic cup, which is shown in (c).
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Fig. 8 Snapshots of the total electric fields under a TE Gaussian beam source incident from the left. (a) The radiation of the
source is blocked by is blocked by a slab of εo = −1. (b) When an illusion device is attached to the wall, the electromagnetic
radiation can now tunnel through the wall to the right side. The far field radiation pattern is exactly the same as that of the
radiation through a real hole, which is shown in (c).

incident from the left. When the illusion device is placed
on the right side of the wall, as shown in Fig. 8(b), the
electromagnetic waves can penetrate through the wall
as well as the illusion device and arrive on the right
side. This effect can also be understood as the tunneling
of electromagnetic waves via the high-intensity surface
waves localized at the interface between the wall and the
complementary medium. The phase information is accu-
rately corrected by the restoring medium in the illusion
device, such that the transmitted field patterns on the
right side become the same as those of the electromag-
netic waves penetrating through a real hole, as shown in
Fig. 8(c). Thus, an observer on the right side can peep
through the virtual hole as if he/she is peeping through a
real hole at the working frequency of the illusion device.

The illusion device in Fig. 8(b) is also composed of
four parts. The left trapezoidal part in contact with
the wall is the complementary medium with ε

(2)
z = 2,

μ
(2)
x = −0.5, and μ

(2)
y = −2, formed by a coordinate

transformation of x(2) = −x(3)/2. Here, the comple-
mentary medium is only negative in permeability be-
cause the “cancelled” wall is negative in permittivity
(i.e., metallic). The upper and lower triangular parts
and the middle rectangular part on the right consti-
tute the restoring medium. The upper and lower tri-
angular parts are composed of a medium with ε

(1)
z = 4,

μ
(1)
xx = 9.25, μ

(1)
yy = 4, and μ

(1)
xy = ∓6, formed by the coor-

dinate transformations of the forms x(1) ± 2(y ∓ 0.5) =
1/4 · [x(4) ± 2(y ∓ 0.5)], respectively. The middle rect-
angular part is composed of a medium of ε

(1)
z = 4,

μ
(1)
x = 0.25, and μ

(1)
y = 4, formed by the coordinate

transformation of x(1) − 0.2 = 1/4 · (x(4) − 0.2). This
“peeping” device does not require a broad bandwidth
and thus can be constructed by resonant metamaterials
designed at a single selected working frequency.

5 Conclusions and discussion

We have reviewed the principle of an illusion device that

is capable of transforming the stereoscopic image of an
object into that of an illusion of our choice. When the
illusion is that of free space, cloaking is realized. Un-
like previous light-bending cloaks, this illusion device is
based on a “cancel and restore” scheme. First, the ob-
ject is optically “cancelled” by a complementary medium
embedded with a complementary “image” of the object.
Then, a stereoscopic illusion is created by a restoring
medium that “restores” the “cancelled” space. Due to
its unique principle, this illusion device can have various
novel applications. Some of them have been shown in
this review.

Finally, we would like to discuss a bit about the fea-
sibility of realizing this illusion device. Currently, the
biggest difficulty to realize illusion optics may lie in the
fabrication of metamaterials, especially negative index
materials. In the numerical simulations shown above,
we find that there are usually strong and fast oscillating
surface waves on the surface of negative index materials,
especially when the virtual boundary of the illusion de-
vice has a large range. This indicates that the negative
index materials must not have large absorption as well
as defects, as both of them could have compromised or
deformed the surface waves dramatically. For instance,
we find that when a tiny absorption of certain order is
put in the negative permittivity of the complementary
medium, the cloaking or illusion effect could be com-
promised. Since we have used very dense meshes in the
finite element simulation, especially near the surface of
the complementary medium, the lattice constant of the
metamaterial also have a strong requirement as it must
be smaller than the mesh size such that the effective
medium description of the metamaterial is still applica-
ble. However, these issues are mostly technical ones. As
the fabrication technique of metamaterials is improving
fast, we expect that sufficiently fine and low-loss negative
index materials would be created eventually, and then,
the realization of remote illusion optics will not be far
away.
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