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We present the first experimental demonstration of a dc electric cloak for steady current fields. Using

the analogy between electrically conducting materials and resistor networks, a dc invisibility cloak is

designed, fabricated, and tested using the circuit theory. We show that the dc cloak can guide electric

currents around the cloaked region smoothly and keep perturbations only inside the cloak. Outside the

cloak, the current lines return to their original directions as if nothing happens. The measurement data

agree exceptionally well with the theoretical prediction and simulation result, with nearly perfect cloaking

performance. The proposed method can be directly used to realize other dc electric devices with

anisotropic conductivities designed by the transformation optics. Manipulation of steady currents with

the control of anisotropic conductivities has a lot of potential applications, such as electric impedance

tomography, graphene, natural resource exploration, and military camouflage.
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In the past few years, the concept of an electromagnetic
invisibility cloak has generated tremendous attention
[1–11]. Invisibility in the time domain has also been pro-
posed and demonstrated very recently [12,13]. Readers are
kindly referred to a recent review paper for more informa-
tion [14]. However, most of the literature on invisibility
cloaks is focused on the time-varying electromagnetic field
[1–13], and only a few papers have dealt with the invisi-
bility for static fields [15–24]. Like their time-varying
counterpart, the static fields also play an important role
in various sectors. For example, they are involved in photo-
copy machines, electrostatic spraying systems, and electric
impedance tomography (EIT). They also help detect land
mines and torpedoes in military applications.

In dealing with the anisotropic conductivities in EIT
technology, Greenleaf et al. constructed anisotropic con-
ductivities in three dimensions that give rise to the same
voltage and current measurements on the boundary as
those of a homogeneous and isotropic conductivity. This
work is also considered one of the early works on invisi-
bility [15]. Then in 2007, Wood and Pendry proposed a dc
metamaterial design, which is based on superconducting
materials, and the cloaking for static magnetic field is also
suggested [16]. After that, the dc metamaterial is further
experimentally validated and theoretically investigated by
other groups [17,18]. Recently, the concept of antimagnet
has been presented, which is actually a cloaking device for
the static magnetic field [19]. However, the experimental
verification of the dc magnetic cloak has not appeared until
very recently (during the preparation of the current Letter).
Two groups independently designed and fabricated dc
cloaks for static magnetic fields, both of which were

implemented using superconducting materials [20,21].
Cloaking in conducting materials was also studied by
Chen, Kohn, and Li and their co-workers [22–24].
However, the above contributions are still limited to theo-
retical study and numerical simulations.
Here, we experimentally explore the cloaking phenome-

non for the steady current fields and realize the first dc
electric invisibility cloak. Using the transformation optics
theory (TO) and exploiting the connection between electric
conductivity in conducting materials and resistors in
the circuit theory, we fabricate such a dc cloak using
the resistor network. Experimental results firmly verify
the correctness and effectiveness of the design. The pro-
posed dc cloak could be useful in cloaking or detecting
land mines and torpedoes, EIT imaging, and other static-
field manipulations. We remark that electromagnetic (EM)
invisibility cloaks made of inductor and capacitor networks
have been demonstrated experimentally in the past [25],
which work for the time-varying EM fields.
The working principle is shown in Fig. 1, in which

Fig. 1(a) illustrates a bundle of electric currents flowing
in a homogeneous and isotropic conducting material (for
the sake of comparison, however, the imaginary cloak and
cloaked object are given) while Fig. 1(b) demonstrates the
same currents when we put an object inside the material. It
is clear that the change of conductivity profile inside the
material leads to a large deviation of currents, and the same
bundle of lines have significantly different distributions
from their original paths, which can be used to detect
the object. When the dc cloak is wrapped on the object,
as shown in Fig. 1(c), however, it can smoothly guide
the electric currents around the object and keep the

PRL 109, 053902 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

3 AUGUST 2012

0031-9007=12=109(5)=053902(5) 053902-1 � 2012 American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.109.053902


perturbations only inside the cloak. Outside the cloak, the
current lines return to their original direction as if nothing
happens. Figure 1(d) gives a cross-section view of the
current and potential distributions near the cloak excited
by a point source. The same arguments apply.

As has been proved, the TO theory applies equally well
to the dc field [19,21,22,24]. Using the TO theory, the
above dc cloak can be easily designed by transforming
the center of a sphere into another sphere while keeping the

surface unchanged. For the two-dimensional case, we
adopt the linear transformation between the physical and
virtual spaces [1,26], which is

�0 ¼fð�Þ¼b�a

b
�þa; ’0 ¼’; z0 ¼ z; (1)

where the cylindrical coordinate system is adopted, and a
and b represent the inner and outer radii of the cloak. Then
the transformed conductivity for the invisibility cloak is
written as

���0 ¼ �

�
�0 � a

�0 ;
�0
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;
�0 � a

�0

�
b

b� a

�
2
�
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in which �ð�Þ represents a diagonalized tensor, the primed
variables belong to the physical space, and the unprimed
ones belong to the virtual space.
Equation (2) clearly shows that the realization of dc

cloak requires anisotropic and inhomogeneous conductiv-
ities, which are difficult to obtain. That also explains why
experimental verifications to dc electric cloak have not
been reported by now. Figure 2 demonstrates the required
radial and tangential components of the conductivity tensor
for the dc cloak with inner and outer radii of 6 and 10 cm,
respectively. Apparently, the required conductivities are
difficult to be realized in nature, but we will show that
they can be easily emulated using the circuit theory.
Figure 3(a) illustrates a continuous conducting material

plate with the conductivity � and thickness h, which
may extend to infinity in the radial direction. The mate-
rial may be inhomogeneous and anisotropic. To make an

FIG. 2 (color online). Components of anisotropic conductivity
tensor required for the dc invisibility cloak and their correspond-
ing resistors. The inset gives an enlarged view for details.

FIG. 1 (color online). The principle of dc invisibility cloak.
(a) The currents in an isotropic and homogeneous conducting
material (the cloak does not exist). (b) The currents distribution
when a perturbation (object) exists. (c) The currents distribution
when the object is covered by the cloak. (d) The equipotential lines
and current density vectors on a cross section when the cloaked
object is illuminated by a point source, in which the white curves
(those originating from the point source) denote the current
density vectors and the blue curves (those intersecting with the
current density vectors) represent the equipotential lines.

FIG. 3 (color online). A conducting material plate, its equiva-
lent resistor network, and the fabricated device. (a) A conducting
material plate with thickness h and its polar grids. (b) The
equivalent resistor network of the continuous material. (c) The
fabricated resistor network with an enlarged view for details.
The matching resistors on the outer boundary make the network
similar to an infinite material.
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equivalence of the material to a resistor network, the con-
tinuous material is first discretized using the polar grids, as
shown in Fig. 3(a). According to Ohm’s law, each elemen-
tary cell in the grid can be implemented by two resistors

R� ¼ ��

����’h
; R’ ¼ ��’

�’��h
; (3)

where �� and �’ are step lengths in the radial and
tangential directions, respectively. Thus, the anisotropic
conductivity tensor can be implemented easily using dif-
ferent resistors in different directions, as illustrated in
Fig. 3(b). To make simulations and measurements, the
infinitely large material should be tailored to have a
suitable size. Like the perfect matching layers in the
time-varying problems, matching resistors are added in
the outer ring to emulate an infinite material. Using the
theorem of uniqueness, the matching resistors can be easily
obtained as

Rm ¼ dðlnr0 � lndÞ
�bh cos��’

; (4)

in which r0 is the distance between the ground and the
source point S and all other variables are demonstrated in
Fig. 3(a). The detailed derivation of matching resistors is
given in Ref. [27]. In Fig. 2, we also give the required
resistors for a dc cloak. It is clearly shown that all resistors
have moderate values and can be easily obtained in electric
stores.
In experimental setup, the background material has a

conductivity of 1 S=m, which is cut into a circle of radius
20 cm. The cloaked region is a circle located at the center
with radius a ¼ 6 cm. The dc cloak has an annual shape
with inner and outer radii of 6 and 10 cm, respectively.
Following the above-mentioned design process, the back-
ground material together with the dc cloak is discretized
into 20� 36 cells using the polar grid. The fabricated
resistor network is illustrated in Fig. 3(c). The network is

FIG. 4 (color online). The simulated potential (voltage) distributions using ADS in different scenarios. (a),(b) The isotropic and
homogeneous background material, in which the concentric circles represent the ideal equipotential lines. (c),(d) The central region is
connected to ground, in which the concentric circles denote the original equipotential lines. The pseudocolor represents the potential
and curves denote the equipotential lines.
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built on a printed circuit board (PCB) with thickness of
2 mm, which contains 20 concentric layers in the radial
direction, and 36 nodes in the tangential direction. The
cloaked region covers an area of 5 layers, and the cloak
occupies another 5 layers. The remaining 10 layers are
used for the background material. All resistors are com-
mercial metal film resistors with an accuracy of 1%. See
Ref. [27] for all resistors used in the design. A dc power
supply with 5 V magnitude is connected to the network at
the 19th layer. The voltage at each node is measured using
a 4.5-digit multimeter.

Figures 4 and 5 demonstrate the simulation and mea-
surement results of the resistor networks. In experiments,
the potential is much easier to measure than the current
density. Hence we simulated and measured the potential
distributions. All simulations are performed using the
commercial software, Agilent Advanced Design System
(ADS). The simulation results of potential distributions in
the background material under the point source excitation
are shown in Fig. 4(a). As can be predicted from electro-

statics, the equipotential lines are concentric circles, which
confirm the correctness of the matching resistor design.
This observation is quantitatively verified in Fig. 4(b), in
which the accurate circles for equipotential lines are given.
Clearly, they agree excellently with each other.
Then we introduce three kinds of defects or objects

(changes of conductivities) in the background material:
(1) the central region is connected to the ground; (2) the
central area is punched out (i.e., the conductivity becomes
zero); and (3) the central area is a perfect conductor
(i.e., the conductivity approaches infinity). The simulation
results of potential distributions for the first case are illus-
trated in Figs. 4(c) and 4(d), and the other two cases are
given in the Supplemental Material [27]. As expected, the
objects do affect the potential profiles, in which the origi-
nal equipotential lines are significantly distorted, making
the object visible. To shield the central region from the
outside world, we put a dc invisibility cloak around the
region, which is realized using the proposed equivalent
resistor network. Figures 5(a) and 5(b) demonstrate the

FIG. 5 (color online). The simulated and measured potential (voltage) distributions when the dc cloak exists. (a),(b) The simulated
results when the central region is cloaked, in which the concentric circles denote the ideal equipotential lines. (c),(d) The measured
results when the central region is cloaked, in which the concentric circles denote the ideal equipotential lines. Nearly perfect cloaking
effect is observed.
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simulated potential distributions of the dc cloak. It is
clearly shown that the potential distributions outside the
cloak restore exactly to the original equipotential lines
(concentric circles), which renders the central part invisible
to the outside observer.

The measurement data for the fabricated dc cloak
are presented in Figs. 5(c) and 5(d), demonstrating excel-
lent cloaking performance. A careful examination of
Figs. 5(a)–5(d) shows excellent agreements between
experiments and simulations, both inside the cloaking
shell and outside the cloak. The very small discrepancy is
mainly attributed to the following two factors: (1) the
deviations of real resistors from their calculated and nomi-
nal values; and (2) the manual soldering process, which can
also distort the ideal resistor distributions.

According to Eq. (4), the conductivity becomes singular
in the inner boundary of the dc cloak, i.e., �� ¼ 0 and

�’ ¼ 1. The inner singularity has been a big problem for

the time-varying cloak, in which reduced constitutive pa-
rameters have to be used [1,3]. The reduced parameters
result in nearly perfect cloaking performance [3]. However,
such a singularity does not pose any difficulties in the
steady current field. Actually, the corresponding resistors
to the singular conductivity are given by R� ¼ 1 and

R’ ¼ 0, respectively, which can be easily realized using

the short and open circuits in the resistor network. In this
scenario, it is clearly seen that the cloaked region is
actually disconnected from the whole network, whose
content does not affect the potential distributions com-
pletely. Hence the fabricated dc cloak has nearly perfect
cloaking performance, as shown in Figs. 5(c) and 5(d).

In summary, we present the first experimental result of
dc electric cloak for the steady current fields. We demon-
strate that the manipulation of steady currents is possible
with the control of inhomogeneous and anisotropic con-
ductivities based on the TO theory. It is more important
that we propose an accurate analogy between the conduct-
ing materials and resistor networks, which can be directly
used to realize other dc electric devices (e.g., dc illusions
and carpet cloaks) with anisotropic conductivities designed
by the TO theory. Based on the modern integrated circuit
technologies, it is also possible to extend the proposed
method to nanoscale. Hence the proposed result has poten-
tial applications in EIT technology, graphene, natural
resource exploration, and underground archaeology. The
idea can also be extended to the three-dimensional case
[27] and other static field manipulations.
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