
PHYSICAL REVIEW E 102, 033308 (2020)

dc electric cloak concentrator via topology optimization

Garuda Fujii *

Institute of Engineering, Shinshu University, 4-17-1 Wakasato Nagano 380-8553, Japan

Youhei Akimoto
Faculty of Engineering, Information and Systems, University of Tsukuba & RIKEN AIP, 1-1-1 Tennodai, Tsukuba 305-8573, Japan

(Received 22 May 2020; accepted 19 August 2020; published 10 September 2020)

We succeeded in simultaneously cloaking and concentrating direct current in a conducting material through
topology optimization based on a level-set method. To design structures that perform these functions simultane-
ously, optimal topology is explored for improving two objective functions that govern separately the cloaking
and concentration of current. Our design scheme, i.e., the topology optimization of a direct-current electric
cloak concentrator, provides this bifunctionality well despite simple, common bulk materials being used to
make up the structures. The materials also rigorously obey the electric conduction equation in contrast to the
approximated artificial materials, so-called metamaterials, of other design schemes. The structural features
needed for this simultaneous bifunctionality are found by adopting level-set method to generate material
domains and clear structural interfaces. Furthermore, robust performances of the bifunctional structures against
fluctuations in electrical conductivity was achieved by improving the fitness incorporating multiple objective
functions. Additionally, the influence of the size of the current-concentrating domain on the performances of the
optimal configuration is investigated.
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I. INTRODUCTION

Following the advancements of transformation optics [1,2]
and metamaterials [3,4], a variety of innovative devices,
collectively called metadevices, were actively developed.
Transformation theory and metadevices grew from the field
of electromagnetism [1,2] to encompass diverse fields such
as acoustics [5], thermotics [6,7], magnetostatics [8,9], and
multiphysics [10–13]. The analogy of optical invisibility [14]
spread to electronics, where networks constructed of resistors
[15] are frequently adopted in developing electric metadevices
manipulating electrical direct current (dc) as active cloaks
[16], remote cloaks [17,18], carpet cloaks [19], and cur-
rent concentrators [20]. However, constructing such networks
poses difficulties because fabricating the complex resistors
needs to be precise to achieve the required properties that
have only been estimated approximately. To overcome the
fabrication complexity of these metadevices in electrostatics,
schemes based on bulk natural materials were proposed such
as the bilayer cloak [21,22] for cloaking and the fan-shaped
concentrator [21] for concentrating currents. With the use of
bulk natural materials rather than resistor networks, design
schemes have been strictly determined by the governing equa-
tion of electric conduction with the performances of these
schemes being more accurately estimated in comparison with
those based on approximate schemes. However, electrically
conducting metadevices have only a single function, such as
electrical cloaking or current concentration. The simultaneous
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realization of a multifunctional device for electrical manip-
ulations is still difficult, but multifunctionality is needed for
practical realizations of innovative applications such as the
invisible sensor [23]. For manipulating thermal conduction,
this multifunctionality has been studied not only in theory
and experiment [24,25] but also in numerical approaches [26].
Because both voltage and temperature in the steady-state are
governed by Laplace’s equations, an analogy of multifunc-
tionality for electrical conduction is expected.

In this work, we exploit topology optimization to develop
a dc electrical cloak concentrator to open the field of multi-
functional electrical metadevices. Topology optimization [27]
proves to be the most-flexible structural optimization that
enables the structural topology of materials to be modified, in-
cluding the creation during the computational design process
of variously shaped pores, and provides an optimal config-
uration having remarkable performance for any prescribed
structural design problem. For the dc electric cloak concen-
trator to gain this simultaneous bifunctionality, two objective
functions must be defined and optimized simultaneously, one
for the concentration of the direct current and the other for
electrical cloaking [28,29]. To determine the configuration of
the structures for this cloak concentrator, a level-set method
is employed to generate isosurfaces of the level-set function
that defines the interfaces between the different electrical
materials. The optimal level-set function (i.e., the optimal
configuration) is explored using a covariance matrix adap-
tation evolution strategy (CMA-ES) [30], which is a robust
optimizer that overcomes difficulties such as multimodality,
the interdependencies of design variables, and the high ratios
of material properties. By employing the CMA-ES, designers
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FIG. 1. (a) Schematic of the topology optimization of a dc elec-
tric cloak concentrator. All domain sizes are set to Lx

out = RD and
Ly

out = RD/3. The conductivities of iron, copper, and PDMS are,
respectively, σFe = 9.90 × 10−6 S/m, σCu = 59.0 × 10−6 S/m, and
σPDMS = 10−5 × σFe. The electrical conductivity of PDMS almost
vanishes, and the ersatz material approach [32] in electrostatics is
used to determine σPDMS. (b) Direct current is concentrated in do-
main �dc to be comprise of iron, its size being set to Rdc = RD/10.
(c) Discretized level-set functions φ j and their structural expressions
showing a clear interface between copper and PDMS; the grid size is
set to Lgrid = RD/60.

can reach optimal configurations in topology optimization
problem without trial and error concerning both the initial
guess of starting configuration and the adjustments parameters
available from the strategy [31]. The structural perimeter is
minimized with respect to the two objective functions as a
perimeter constraint to regularize the ill-posed aspects of this
topology optimization problem. The computational demon-
stration finds structural features that are indispensable for
simultaneous electrical cloaking and current concentration.
Furthermore, to realize a dc electrical cloak concentrator
having a performance that is robust against fluctuations in
electrical conductivity, topology optimizations must take into
account fluctuations in electrical conductivity.

Several significant advances of the presented studies are
as follows: First, simultaneous realization of cloaking and
current concentration in an electrical conductor is reported
for the first time. Second, the formulation of the optimization
problem for simultaneous cloaking and current concentration
of an electrical conductor is presented. Third, the topology
optimization presented generates optimal configurations of
high-performing metadevices using only common bulk mate-
rials. Cloaking and current concentration performances have
been accurately evaluated through the numerical simulations
solving the electrical conduction equation in the steady state.
Fourth, key structural features needed for the simultaneous
cloaking and concentrating have been identified with clear
interfaces generated by the level-set method.

II. FORMULATION

A. Scheme

The scheme for the topology optimization of a dc electric
cloak concentrator is illustrated in Fig. 1. To generate a current
(from right to left in figure) in the host structure made of
iron, low- and high-voltage boundary conditions, V = Vlow

and V = Vhigh, are imposed over the left and right bound-
aries of the host structure, respectively, and an electrically
insulated boundary condition, ∇V · n = 0, is imposed over its
lower and upper boundaries. The current is concentrated in a
small central domain of the iron material, designated �dc in
Fig. 1(b). For cloaking, perturbations of the voltage distribu-
tion are simultaneously suppressed in the outer domain �out.
The optimal structure for the simultaneous electrical cloaking
and current concentration is configured in the fixed design
domain �D in which the optimal layout of materials, specifi-
cally, copper and polydimethylsiloxane (PDMS), is explored
through structural transforming. The layout of copper and
PDMS is determined using the discretized level-set functions
[Fig. 1(c)] as design variables on which the objective function
being optimized is based. By changing the level-set functions
discretized into grid points and their signs [“±” in Fig. 1(c)],
the domain �S occupied by PDMS is transformed in the fixed
design domain �D and the isosurface of the level-set func-
tions, φ(x) = 0, determining the interface [“0” in Fig. 1(c)],
is obtained by linear interpolation of the function in the
grids.

B. Objective functions

To enable the simultaneous cloaking and concentration of
direct current, two objective functions are considered. For
cloaking, perturbations of the voltage distribution are sup-
pressed in �out and the following function is minimized:

�cloak = 1

�PDMS
cloak

∫
�out

|V − VFe|2d�, (1)

where V denotes the cloaked distribution of the voltage, VFe

the undisturbed voltage distribution for reference to be re-
produced when �D is filled with iron (Fe), and �PDMS

cloak the
normalization value,

�PDMS
cloak =

∫
�out

|VPDMS − VFe|2d�, (2)

where VPDMS denotes the disturbed voltage when �D is filled
with PDMS. Under normalization, the objective function,
Eq. (1), becomes �cloak = 1 when �D is filled with PDMS.
For current concentration, the direct current passing through
the plane �dc in Fig. 1(b) needs to be increased and a second
objective function maximized,

�dc = 1

�Fe
dc

∫
�dc

−σdc∇V · n d�, (3)

where σdc denotes the electrical conductivity of the material
occupying �dc, n the unit normal vector on �dc, and �Fe

dc the
value for normalization defined as

�Fe
dc =

∫
�dc

−σFe∇VFe · n d�, (4)

where σFe denotes the electrical conductivity of iron. When
�D is filled with iron, the normalized value of the objective
function for current concentration becomes �dc = 1.
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C. Governing equation and design variable

The voltage in the steady state is governed by Laplace’s
equations,

∇ · (σ (x)∇V ) = 0,

where σ (x) denotes the position-dependent electrical conduc-
tivity given as

σ (x) =
{
σCu + χ (σPDMS − σCu) for x ∈ �D

σFe for x ∈ �out,�dc
,

where σCu, σPDMS, and σFe denote the electrical conductivities
of copper, PDMS, and iron, respectively. The electrical con-
ductivity of PDMS is almost zero; a sufficiently small value
is assigned to it, as in the ersatz material approach [32] in
electrostatics. The characteristic function χ is defined as

χ (φ(x)) =
{

1 if x ∈ �S

0 if x ∈ �D\�S
,

where φ(x) denotes the level-set function that determines the
domains and their interfaces,

�S\�S = {x | 0 < φ(x) � 1},
�S = {x | φ(x) = 0},

�D\�S = {x | − 1 � φ(x) < 0},
where �S denotes the domain occupied by PDMS, �D\�S the
fixed design domain excluding �S and occupied by copper,
and �S the interfaces between copper and PDMS. The level-
set function is a continuous function of the design variable
that is then discretized onto grid points in the optimization
computation as φ = {φ1, . . . , φ j, . . . , φn} [see Fig. 1(c)].

D. Regularization and fitness

Because the optimization problem is ill posed in that
it allows an optimal configuration containing infinitely fine
structures, topology optimization must include relaxation or
regularization. For the present topology optimization based
on the level-set method, a perimeter constraint is employed in
which the structural perimeter Lp is minimized along with the
objective functions. We define the fitness function composed
of a minimized �cloak, maximized �dc, and minimized Lp;
specifically,

inf
φ

Fr = �cloak +
(

1

�dc

)p

+ τLp, (5)

where p denotes the multiplier of the �dc reciprocal to change
the priority between minimizing �cloak and maximizing �dc

(i.e., cloaking and concentration of direct current), and τ is
the regularization coefficient that establishes the ratio of the
performances of �cloak and �dc to that of the perimeter Lp. In
the numerical demonstration described below, we set p = 4
and vary τ to generate several cases for design. The optimum
φ is explored by the CMA-ES [30] with the handling of the
box constraint [31], −1 � φ j � 1, to improve the regularized
fitness function Fr . For more details, see Refs. [31,33,34].

III. RESULTS

A. Unperturbed voltage distribution for reference and the
distribution perturbed by introducing PDMS

The homogeneous electrical system made of iron and the
undisturbed voltage distribution are shown in Fig. 2(a) and
2(b), respectively. The fixed design domain �D is filled with
iron [see Fig. 2(a)] and the contour lines of the distribution
become straight without any perturbation in the voltage distri-
bution [see Fig. 2(b)]. The homogeneous system provides an
ideal distribution for cloaking, and the voltage V corresponds
to VFe; hence, the difference V − VFe vanishes as VFe − VFe =
0 everywhere in the system [Fig. 2(c)]. The value of the objec-
tive function for cloaking is ideal as �cloak = 0; in contrast, no
function for the current concentration is realized, as evident in
Fig. 2(d). For comparison, the value of the objective function
for current concentration in this system becomes one under
normalization Eq. (3); i.e., �dc = 1.

We also show the perturbed distribution of the voltage
in Figs. 2(e)–2(h) obtained by filling �D with PDMS. The
domain of the current concentration �dc is surrounded by
electrical insulating material PDMS [Fig. 2(e)]; the contour
lines of the voltage distribution are largely bent by the PDMS
[Fig. 2(f)]. Because the perturbation of the voltage is large, the
difference evaluated for cloaking, V − VFe = VPDMS − VFe, is
obvious [Fig. 2(g)], and the value of the objective function
for cloaking is set to �cloak = 1 under normalization, Eq. (1).
The direct current flows around the PDMS [Fig. 2(h)] and
the objective function for current concentration becomes very
small as �dc = 3.62 × 10−5.

B. Topology-optimized dc electric cloak concentrator

The structural transformation of the dc electric cloak con-
centrator during the present topology optimization is shown
in Fig. 3. As the generation of the CMA-ES proceeds from
g = 0, fine structures in the configurations develop through
the perimeter constraint imposed in the fitness function,
Eq. (5). Finally, by adjusting the regularization coefficient
τ , optimal configurations were obtained having different
structural complexity [rightmost in Fig. 3]. Large τ , for
example, τ = 1 × 10−2 [Fig. 3(a)], produce simple and easy-
to-fabricate optimal configurations because the perimeter
constraint is strong. Indeed, for τ = 1 × 10−2, the perimeter
of the optimal configuration is Lp = 5.72, which is much
less than Lp = 22.2 with small τ = 1 × 10−4 [Fig. 3(c)]
yielding optimal configurations that are poorly manufac-
turable with complex curved interfaces between copper and
PDMS with the weaker constraint. With small values of
τ , performance dominates in simplifying the configura-
tion, and hence the optimization aggressively improves the
performance rather than improves manufacturability of the
configuration.

Figure 4 shows the optimal configurations with its charac-
teristics and the performances of these optimal configurations.
The voltage distributions in Figs. 4(b), 4(f) and 4(j) are altered
as the cloak concentrator is optimized with the contour lines
of the voltages becoming almost completely straight in �out.
The difference V − VFe used in determining the cloaking ca-
pability is given in Figs. 4(c), 4(g) and 4(k) at a fine scale,
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FIG. 2. Results when �D is filled with [(a)–(d)] iron and [(e)–(h)] PDMS for reference and normalizations. [(a) and (e)] Configuration
in �D, [(b) and (f)] voltage distribution with contours, [(c) and (g)] evaluated difference of voltages and the objective function value for
cloaking, [(d) and (h)] the magnitude (color) and direction (streamline) of the direct current and the value of the objective function for current
concentration. The values of the objective functions are [(a)–(d)] �cloak = 0.00 × 100 and �dc = 1.00 × 100 and [(e)–(f)] �cloak = 1.00 × 100

and �dc = 3.62 × 10−5.

−0.01 � V − VFe � 0.01, to emphasize the cloaking perfor-
mance. The cloaking performance significantly improves as
the value of the regularization coefficient τ diminishes; the
voltage difference becomes almost completely zero every-
where in �out [Fig. 4(k)] as evident in the magnified plot.
Moreover, the current concentration performance is also im-
proved [Figs. 4(d), 4(h) and 4(l)]; the magnitude and direction
of the direct current are plotted using a color scale and stream-
lines, respectively. For the optimal configurations, the values

of the objective function for current concentration, �dc, are
given in the caption of Fig. 4. The direct current is bent and
concentrated into �dc by funnel-shaped structures made of
PDMS located above and below �dc.

In the left close-ups of Figs. 4(d), 4(h) and 4(l), uncon-
centrated direct current represented as streamlines bypasses
the funnel-like structures and pass through the narrow copper
structures between the funnel-like PDMS domains and host
domains of iron. The narrow copper structures shown in the

FIG. 3. The structural transformation of the dc electric cloak concentrator obtained under (a) τ = 1 × 10−2, (b) τ = 1 × 10−3, and (c)
τ = 1 × 10−4. Structural perimeter; the total interface length between copper and PDMS in the optimal configuration becomes (a) Lp = 5.72,
(b) Lp = 9.43, and (c) Lp = 22.2. Each structure corresponds to the smallest Fr value from 140 samples in each generation g.
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FIG. 4. Optimal configurations and the performances of the optimal configurations obtained setting [(a)–(d)] τ = 1 × 10−2, [(e)–(h)] τ =
1 × 10−3, and [(i)–(l)] τ = 1 × 10−4. [(a), (e), and (i)] Optimal configuration in �D, its characteristics viewed in close-ups, and perimeter
of the optimal configuration. [(b), (f), and (i)] Voltage distribution with contours when the optimal configuration is present, [(c), (g), and (k)]
evaluated difference of voltages and the value of the objective function for cloaking, and [(d), (h), and (l)] magnitude (color scale) and direction
(streamlines) of the direct current and the value of the objective functional for current concentration. The values of the objective functions and
the perimeter are [(a)–(d)] �cloak = 8.11 × 10−3, �dc = 4.48 × 100, and Lp = 5.72; [(e)–(f)] �cloak = 7.70 × 10−4, �dc = 6.42 × 100, and
Lp = 9.43; [(i)–(l)] �cloak = 3.35 × 10−5, �dc = 7.10 × 100, and Lp = 22.2.

left close-ups of Figs. 4(a), 4(e) and 4(i) function as a passage
of unconcentrated direct current to suppress the perturbation
of the outer voltage distribution for cloaking. We also find
barrier structures shown in right close-ups of Figs. 4(e) and
4(i). These structures prevent excessive direct current flowing
in and out of �dc to keep the outer voltage perturbations
suppressed for cloaking while actively concentrating the cur-
rent. They emerge only in the optimum configurations under
weaker perimeter constraints with settings τ = 1 × 10−3 and
τ = 1 × 10−4 [right close-ups of Figs. 4(e) and 4(i)].

The proposed cloak concentrator is expected to be applied
in invisible sensing [23,35] with the electrical conductivity
of the concentration domain, σdc, changed from that of iron,
σFe, when the domain σdc is placed in an electrical sensor.
We investigated the performance dependence of optimal cloak

concentrators on σdc; the dependencies for electrical cloak-
ing and current concentration are shown in Figs. 5(a) and
5(b), respectively. The horizontal axis shows the electrical
conductivity of the concentration domain �dc normalized by
that of the host �out. The topology optimizations presented
in Figs. 3 and 4 were generated under σdc/σhost = σFe/σFe =
1. Whereas the current concentration performance exhibits
a low dependence on the fluctuation of σdc [Fig. 5(b)], the
performance for cloaking depends strongly on σdc [Fig. 5(a)].
A higher σdc guides the excess direct current flowing in
and out of �dc; an excessively concentrated current perturbs
the outer voltage distribution, thereby degrading the cloak-
ing performance. A lower σdc suppresses current flowing
into �dc and that also perturbs the outer distribution of the
voltage.

FIG. 5. Performance dependence of the concentration domain �dc on the electrical conductivity. (a) Cloaking performance versus
conductivity in �dc. (b) Concentrating performance versus conductivity in �dc. The conductivity of the host material is fixed at σhost = σFe and
the normalization values for �PDMS

cloak and �Fe
dc are fixed by Eqs. (2) and (4), respectively.
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FIG. 6. Optimization results obtained by minimizing Frbst for three values of the electrical conductivity σdc. Optimal configurations are
obtained for (a) σ

(1)
dc /σhost = 0.1, σ

(2)
dc /σhost = 3.0, and σ

(3)
dc /σhost = 5.9; (b) σ

(1)
dc /σhost = 1.0, σ

(2)
dc /σhost = 3.0, and σ

(3)
dc /σhost = 5.0; and (c)

σ
(1)
dc /σhost = 0.5, σ

(2)
dc /σhost = 3.0, and σ

(3)
dc /σhost = 5.5. The number of samplings is set to 140. The settings for the regularization coefficient

and multiplier are τ = 1 × 10−3 and p = 4.

C. Multidirectional dc electric cloak concentrator robust
to fluctuation of electrical conductivity

The performance of a cloak concentrator exhibits a strong
dependence on the electrical conductivity in �dc (Fig. 5). To
reduce this dependence and improve the robustness of the per-
formance against fluctuations in electrical conductivity σdc,
a topology optimization that takes into account such fluctua-
tions was conducted. The objective functions were computed
for three values of σdc and a fitness function incorporating the
objective functions for various σdc values was employed,

inf
φ

Frbst = 1

3

3∑
i=1

(
�cloak

(
σ

(i)
dc

)
+

(
1

�dc
(
σ

(i)
dc

)
)p)

+ τLp,

where �cloak (σ (i)
dc ) and �dc(σ (i)

dc ) denote, respectively, the
objective functions for cloaking and concentration under elec-
trical conductivity σ

(i)
dc , with i an indexing of the objective

functions. Simultaneous cloaking and concentration of direct
current for three distinct σdc values were realized by minimiz-
ing Frbst. We improved not only the robustness of the perfor-
mance of each cloak concentrator but also the directionality
of the cloaking and current concentration by implementing
structural symmetries about the x and y axes and diagonals
y = ±x. These cloak concentrators in Fig. 4 were optimized
to manipulate direct current directed only towards the negative
x axis; the symmetries increased the direction of the current
over the domain in which the cloak concentrator functions.

Figures 6(a)–6(c) shows the optimization results obtained
under several sets of σ

(i)
dc , and Figs 6(d) and 6(e) display the

performance robustness for cloaking and current concentra-
tion. The dependence of the cloaking performance on σdc

[Fig. 6(d)] is obviously reduced by incorporating multiple

σ
(i)
dc in the topology optimizations. Performances at high con-

ductivity 1 < σdc/σhost are significantly improved compared
with those of the previous topology optimizations [Fig. 5(a)].
In particular, the performance obtained under σ

(i)
dc /σhost =

0.5, 3.0, 5.5 in Fig. 6(d) exhibits robustness not only at high
conductivity but also at low conductivity. The concentration
domain �dc is surrounded by PDMS in almost all directions,
and only narrow copper structures remain in some places be-
tween the PDMS domains [right close-up of Fig. 6(a) and left
close-ups of Figs. 6(b) and 6(c)]. To achieve a robust cloaking
performance, it is necessary to surround �dc with PDMS in
almost all directions to reduce the influence of the σdc fluctu-
ations on the outer voltage distribution. Indeed, the cloaking
performance shown in Fig. 6(d) is less affected by fluctua-
tions in σdc. However, if the σdc is completely surrounded
with PDMS, then the direct current cannot be concentrated,
necessitating a thin copper structure to remain. Therefore, the
current-concentration performance does not largely improve
but becomes robust despite increases in σdc [Fig. 6(e)].

D. Influence of the size of the concentrating domain
on performance

The demonstrated topology optimizations shown above
assume rather small-sized �dc. We investigate the influence
of the size of �dc on the performance of the topology
optimized-dc electrical cloak concentrator. Figure 7(a) shows
the relationship between the radius of �dc and the cloaking
performance (left vertical axis) of the optimal configurations
obtained and that between the radius and the concentrating
performance (right vertical axis) of the optimal configura-
tions. Both performances tend to worsen as the size of �dc

increases.
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FIG. 7. (a) Dependence of the performances on the domain-size for the concentration. [(b)–(i)] Optimal configurations obtained for (b)
Rdc/RD = 0.2, (c) 0.3, (d) 0.4, (e) 0.5, (f) 0.6, (g) 0.7, (h) 0.8, and (i) 0.9 under τ = 1 × 10−3.

However, the objective functions given in Eqs. (1) and
(3) are defined by comparing the performances of the cloak
concentrator with that of an electric system without cloak
concentrator. In particular, �dc in Eq. (3) experiences a large
influence from variations in Rdc because the value of �Fe

dc used
for the normalization in Eq. (3) strongly depends on the area
of the phase �dc. In contrast to the strong dependency of �Fe

dc
on Rdc, the value of �PDMS

cloak has low dependence on Rdc varia-
tion because �dc is surrounded by low-conductive PDMS. To
compare the efficiency of the concentrating dc under different
Rdc, we employ an alternative value that does not depend on
Rdc for normalizing the evaluating dc concentration in the
following:

�Fe
D =

∫
�D

−σFe∇VFe · n d�,

where �D is a plane along the y axis that crosses the fixed
design domain �D [see Fig. 8(b)]. Then �Fe

D represents all dc
passing through �D when the Fe-made homogeneous electri-
cal system is present without the cloak concentrator. We note
that the difference between �Fe

D and �Fe
dc is the area where the

passing current is integrated along and satisfies the following
relation as

�Fe
D

�Fe
dc

= RD

Rdc
.

With this normalization by �Fe
D , we introduce another index

to evaluate the efficiency in concentrating dc, specifically,

�eff = 1

�Fe
D

∫
�dc

−σdc∇V · n d�,

= Rdc

RD
�dc.

The above �eff shows concentrated dc passing through the
concentration domain �dc compared with that through the
fixed design domain �D. When electrical systems are cloaked
perfectly with no disturbance in the outer voltage, the maxi-
mum �eff becomes 1.

Figure 8(a) shows the relationship between �eff and the
size of �dc. We also plot �dc for comparison in Fig. 8(a).
As Rdc increases, the efficiency of the concentrating �eff is
enhanced despite �dc becoming smaller. This trend shows that

we need to consider the influence of Rdc on �dc in compar-
ing the concentrating performance of optimal configurations
obtained for different Rdc. In some cases with Rdc/RD � 0.5,
�eff is over 1 and sufficient concentrating performance is
exhibited. However, �eff > 1 means that an excessive dc is
concentrated in �dc. Actually, the cloaking performance in
Fig. 7(a) deteriorates as Rdc increases and the excessively
concentrated dc causes a voltage disturbance in the outer
domain �out.

IV. CONCLUSION

The simultaneous cloaking and concentration of direct
current was numerically achieved through a topology opti-
mization of a dc electric cloak concentrator. The formulation,
numerical results, and improvements in robustness for simul-
taneous cloaking and current concentration were presented
with demonstrations of configurations generated through
topology optimization. The optimal configurations obtained
performed well as both cloak and concentrator and exhibited
specific structural features: funnel-like structures for concen-
trating the direct current into a central domain and narrow
passages and barriers for cloaking the concentrator from the
direct current so that the outer voltage distribution is per-
turbed less. Topology optimization that established a robust
performance provided optimal configurations that balanced
reducing the conductive fluctuations of the outer voltage and

FIG. 8. Dependence of the efficiency of concentrating on the
domain size for the concentration.
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concentrating the direct current. Moreover, the performance
dependence of the optimal dc electric cloak concentrator on
the domain size for the concentration was investigated. Our
approach is expected to be applied to not only electrical de-
vices but also multiphysical metadevices [12,35].
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