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Invisibility has attracted intensive research in various communities, e.g., optics, electromagnetics,

acoustics, thermodynamics, dc, etc. However, many experimental demonstrations have only been

achieved by virtue of simplified approaches due to the inhomogeneous and extreme parameters imposed

by the transformation-optic method, and usually require a challenging realization with metamaterials. In

this Letter, we demonstrate a bilayer thermal cloak made of bulk isotropic materials, and it has been

validated as an exact cloak. We experimentally verified its ability to maintain the heat front and its heat

protection capabilities in a 2D proof-of-concept experiment. The robustness of this scheme is validated in

both 2D (including oblique heat front incidence) and 3D configurations. The proposed scheme may open a

new avenue to control the diffusive heat flow in ways inconceivable with phonons, and also inspire new

alternatives to the functionalities promised by transformation optics.
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Rendering an object invisible has been a long-standing

dream for many researchers over the decades. Recently,

many significant achievements of invisibility cloaking

have been motivated thanks to pioneering theoretical

works [1–6]. However, most cloak realizations usually

require extreme constitutive parameters (inhomogeneous,

anisotropic, or even singular). For the sake of feasibility,

several reduced cloaks have been experimentally demon-

strated at the price of giving up exactness [7–10]. Another

strategy to further reduce a full cloak into something more

practical is the carpet cloak [11], with several experimental

realizations [12–17], which attempts to hide an object on

the ground and mimic a half-infinite vacuum space. More

recently, calcite crystals have been employed to fabricate

carpet cloaks based on linear transformation [18,19], and

one-dimensional full-parameter cloaks constructed with

metamaterials have been experimentally demonstrated

[20]. Readers may find more information in recent review

papers [21,22]. Decoupling electric and magnetic effects,

the static magnetic cloak [23,24] and the static electric

cloak [25] have been experimentally realized using

ferromagnetic-superconductor materials and resistor net-

works, respectively. In addition to manipulation of electro-

magnetic waves [7–25], the theoretical tool of coordinate

transformation has been extended to acoustic waves

[26,27] and heat flux [28–32].

On the basis of the invariance of the heat conduction

equation under coordinate transformation, transforming

heat transfer has provided a new method to manipulate

heat flux at will [29]. Through tailoring inhomogeneity and

anisotropy of conductivities (as well as specific heat and

material density), transient thermal cloaking has been exp-

erimentally demonstrated recently [30,31]. In addition,

steady-state thermal cloaking can be designed with only

anisotropic conductivities and its construction can be fur-

ther simplified by utilizing the multilayered composite

approach as demonstrated both experimentally [32] and

theoretically [33]. However, previous thermal cloaking

approaches [30–33] usually exploit anisotropy and/or inho-

mogeneity, and need to be reduced for experimental real-

ization at the price of giving up exactness. Therefore, the

practical application of the thermal cloak may be limited.

Surprisingly, an exact magnetostatic cloak has recently

been realized using a layer of ferromagnetic material and

a layer of superconductor, working at a much lower tem-

perature (77 K) [23,24]. This motivates us to explore an

exact thermal cloak with viable compositions at room

temperature and higher, in particular, only employing

bulk isotropic materials.

We experimentally demonstrate a bilayer thermal cloak

with bulk materials, which has been theoretically validated

as an exact cloak from first principles (neither a reduced

cloak nor functioning only for dipolar fields). The contri-

bution of this study is threefold. First, as the bilayer cloak

does not rely on transformation optics [1–3], it can avoid

the problems present in previous cloaking proposals, such

as extreme parameters (inhomogeneous, anisotropic, or

singular) and complicated fabrication [30–32]. Second,

the proposed bilayer bulk structure which demonstrates

nearly perfect performance is achieved using regular
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materials, which can be readily applied. Third, the bilayer

cloak is carefully investigated in both steady-state and

time-dependent cases, demonstrating excellent perform-

ance in terms of heat-front maintenance and stable heat

protection.

The bilayer thermal cloak, schematically illustrated in

Fig. 1(a), is composed of an inner layer (a < r < b) and an
outer layer (b < r < c) with conductivity of �2 and �3,

respectively. The conductivity of the background is �b.

Considering the inner layer to be a perfect insulation

material, i.e., �2 ¼ 0, when the external-field distortion

is completely eliminated, we obtain �3¼ðð2c3þb3Þ=
2ðc3�b3ÞÞ�b. Rigorous analysis is provided in the

Supplemental Material [34]. When we consider a two-

dimensional (2D) bilayer cloak in Fig. 1(b), an analysis

analogous to the 3D case can be carried out, from which

the relationship is given by �3 ¼ ðc2 þ b2Þ=ðc2 � b2Þ�b.

The performance of the proposed bilayer cloak has been

numerically confirmed in the Supplemental Material,

Fig. S1 [34].

For the measurement of thermal cloaks, one can cut the

3D bilayer sphere in Fig. 1(a) into two identical halves, and

measure the temperature on the cross section. Simulation

of a semi-3D bilayer cloak is shown in Supplemental

Fig. S2(b), demonstrating excellent performance compared

to the case with a single layer of expanded polystyrene

in Fig. S2(a) [34]. Therefore, without loss of generality,

we consider a 2D bilayer cloak as shown in Fig. 1(b).

We choose a ¼ 6, b ¼ 9:5, and c ¼ 12 mm. The inner

and outer layers of the bilayer cloak are expanded poly-

styrene and Inconel 625 alloy with conductivity of 0.03

and 9:8 W=mK, respectively. For the host background

material, we use a thermally conductive sealant (ACC

SILICONES—AS1802) with conductivity of 2:3 W=mK.

The bilayer cloak is cast in the host block with dimensions

45 (W), 45 (D), and 35 mm (H). Local heating on the left

side is achieved by a heat source fixed at 60 �C, and the

right side is connected to a tank filled with ice water (0 �C).

The cross-sectional temperature profile is captured with a

Flir i60 infrared camera. An aluminum cylinder with radius

of 6 mm is placed in the central region as an object that

needs to be cloaked.

Beforewe present the results of the bilayer cloak, we first

discuss two comparison cases. The first reference structure

for comparison is a bare perturbation (aluminum cylinder)

without bilayer cloak. The radius of the perturbation is

6 mm with the same size as the cloaking region. We cast

the perturbation in the host block as described above and

keep it under room temperature conditions (25 �C) for a

sufficiently long time. Prior to measurement, the heat

source was first heated to 60 �C, before connecting it to

the left side of the cloak sample while the right side of the

bulk was connected to a tank filled with ice water (0 �C).

The simulated temperature profile is shown in Fig. 2(a), on

which white isothermal lines are superimposed. Obviously,

the presence of the perturbation completely alters the tem-

perature profile. The high thermal conductivity of the per-

turbation attracts the heat flux and makes isothermal lines

curve outwards both on its left and right. The corresponding

measured result is shown in Fig. 2(b), which agrees well

with the simulated result in Fig. 2(a). The distortion of the

external thermal profile can be clearly observed.

The second reference structure is the object covered by a

single layer of uniform expanded polystyrene just like that

FIG. 1 (color online). (a) Schematic illustration of the 3D and

2D bilayer thermal cloak with naturally available materials.

(b) Experimental setup for the 2D bilayer thermal cloak. The

inset shows the cross section of the experimental sample.

FIG. 2 (color online). Simulated and measured temperature

distributions for the steady state. (a),(b) First reference structure.

(c),(d) Second reference structure. (e),(f) The proposed bilayer

cloak with a¼6, b ¼ 9:5, and c ¼ 12 mm. (g),(h) The proposed

bilayer thermal cloak in the presence of a point heat source,

emitting cylindrical heat fronts. Isothermal lines are also repre-

sented with white color in the panel.
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for the cloak; i.e., this reference structure has no outer

layer. The simulated result for temperature distribution is

shown in Fig. 2(c), which agrees very well with the mea-

sured thermal profile of Fig. 2(d). Obviously, though the

central region is protected (thermal flux goes around the

central region), the low thermal conductivity of the poly-

styrene repels the heat flux and makes the isothermal lines

near the center of the reference structure significantly

curved toward the center.

When the perturbation is wrapped by our bilayer cloak,

the curved thermal profiles restore exactly without distor-

tion as if nothing were there, as shown in Fig. 2(e). The

measured result of the bilayer cloak is presented in

Fig. 2(f). Clearly, the external isotherms are vertical and

not distorted, as predicted in Fig. 2(e). For quantitative

comparison, the simulated results in Fig. 2(e) and mea-

sured results in Fig. 2(f) along three horizontal lines

(x ¼ �12 mm, x ¼ 0, and x ¼ 12 mm) are shown in

the Supplemental Material, Fig. S3. It is apparent that

experiments accord well with simulations. We also exam-

ine the cloaking behavior of the bilayer cloak in the pres-

ence of a point heat-source, as shown in Figs. 2(g) and 2(h).

It is obvious that experiment [Fig. 2(h)] agrees well with

simulation [Fig. 2(g)], which demonstrates the effective-

ness of the proposed bilayer thermal cloak in non-uniform

thermal field. As a perfect thermal insulation material

(� ¼ 0) cannot be obtained, a small amount of thermal

energy will diffuse into the cloaking region and raise the

temperature over a long period of time. Hence, thermal

protection works only transiently (but over a decently

long period as demonstrated in our thermal cloak), and

such time-dependent performance has also been noted in

thermal cloaks based on transformation optics [30,31].

Therefore, it is of great importance to know how long

and how well the designed thermal cloak can function,

i.e., the performance against time.

To examine the transient performance of the bilayer

cloak, we measured the temperature distributions of the

three cases in Fig. 2 at different times t ¼ 1, 10, and 60 min

after placing the sample into the fixed temperature field.

Because the temperature of the cloaking region in steady

state is close to room temperature (25 �C) when the heat

source is fixed at 60 �C, it is difficult to observe the heat

protection as time elapses. Thus the heat source is fixed

at 80 �C for unambiguous comparison and observation.

The measured results for the first reference structure are

shown in the left column of Fig. 3. The strong distortion of

the external thermal profile can be clearly observed, and

the temperature of the object rises quickly with time. The

measured results for the second reference structure are

shown in the middle column of Fig. 3. The significant

distortion of the external thermal profile can also be clearly

observed, though the temperature of the central region now

rises slowly as time elapses. The measured results for the

bilayer cloak are depicted in the right column of Fig. 3.

It is apparent that the cloak successfully fulfills its task in

that the central region is colder than its surroundings by

reducing the external heat flux entering the cloaking

region, which can also be seen by comparing the left and

right columns of Fig. 3. Furthermore, both of the front and

rear temperature fronts outside the cloak are always kept

nearly planar as time elapses. This transient behavior once

again demonstrates the nearly perfect performance of our

bilayer thermal cloak.

Simulated time-dependent temperature distributions for

the three cases of Fig. 3 are given in the Supplemental

Material, Fig. S4 [34]. The geometric parameters and

material parameters in the simulations completely match

those in the experiments. Obviously, our experiments in

Fig. 3 agree very well with the simulations shown in

Fig. S4. For continuous real-time observation, simulations

against the evolving time have been demonstrated in

the Supplemental Material, movies S1, S2, and S3,

respectively [34].

It is noted that the temperature of the cloaking region is

raised as time elapses due to the finite heat conductivity

of the inner layer. Therefore, it is valuable for engineering

applications to quantitatively examine the temperature

change of the cloaking region over time. We choose

(�6, 0) and (�6,13) mm as observation points, corre-

sponding to cloaking region (inside the cloak) and external

region (outside the cloak), respectively, which is indicated

in the upper left inset of Fig. 4. For a pure background

without any perturbation, the two points should have the

same temperature because they are located along the

same isothermal line. Figure 4 shows the measured

time-dependent temperature curves for the two test points.

It is clear that the measured temperature of the cloaking

region is always cooler than the external region even after

FIG. 3 (color online). Experimental transient temperature dis-

tributions at different times t ¼ 1, 10, 60 min. (a) Results for the

first reference structure of Fig. 2(b). (b) Results for the second

reference structure of Fig. 2(d). (c) Results for the bilayer cloak

of Fig. 2(f). Obviously, both bilayer cloak and insulation coating

can make the object colder than the bare object. However, only

bilayer cloak can restore isothermal lines exactly without dis-

tortion as if nothing were there.
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a long time (1.5 h). The temperature difference between

the two test points is demonstrated in the lower right inset

of Fig. 4. Obviously, the temperature outside the cloak

rises much faster than the inside, especially in the first

10 min. In the long-time limit, the steady state will be

reached in which the temperature of the cloaking region is

constant.

In addition to our bilayer exact cloak, the other two

thermal cloaking schemes have been reported including

an anisotropic-inhomogeneous (AI) thermal cloak [29,30]

and an anisotropic-homogeneous (AH) thermal cloak

[32,33]. On the basis of transforming heat transfer [29],

the transformation equation for theAI cloak can be obtained

as r ¼ ðr2 � r1Þ=ðr2 � r0Þr
0 þ ðr1 � r0Þ=ðr2 � r0Þr2,

where r ðr0Þ is the radius in the physical (virtual) space,

and r1 (r2) is the inner (outer) radius. Here we assume that

the expansion starts from a finite small region of radius r0
rather than exactly from a point to avoid singularity. Then

the conductivities of the AI cloak can be expressed as �r ¼
ð1� ððr1 � r0Þr2=ðr2 � r0ÞrÞÞ�b and �� ¼ �2

b=�r, where

�b is the conductivity of the background. The conductiv-

ities of the AH cloak are obtained [33] �r ¼ 2�n�b and

�� ¼ 2n�b, where n > 0.

As a fair comparison, we assume that the AI cloak and

the AH cloak have the same geometrical size as the bilayer

cloak, with r1 ¼ 6 and r2 ¼ 12 mm. They are cast in the

host background material with conductivity of 2:3 W=mK,

and an aluminum cylinder with radius of 6 mm is placed in

the central region. For simplicity, we assume r0 ¼ m r1,
where 0<m< 1. Simulation results for different cloaking

schemes are presented in Figs. 5(b)–5(d). Obviously, when

m is small (singularity growing) and n is large (anisotropy

growing) enough, the AI cloak and AH cloak perform

nearly as perfectly as the bilayer cloak. However, the

performance of the AI cloak and AH cloak is significantly

degraded with the increase ofm and with the decrease of n,
respectively, which are confirmed in Figs. 5(e) and 5(f).

To quantitatively compare the three cloaking schemes,

we calculated the temperature gradient of the cloaking

region, which should be zero for ideal thermal cloak.

The temperature gradient curves of the AI cloak at the

central point (0,0) are demonstrated in Fig. 5(e). It is

clear that temperature gradient decreases with the decrease

of m, which is accompanied by increasing singularity.

The temperature gradient curves of the AH cloak at the

central point (0,0) are demonstrated in Fig. 5(f). It is

apparent that temperature gradient decreases with the

increase of n, which is accompanied with increasing

anisotropy. Beyond expelling incident fields, the other

function of the thermal cloak is not to distort external

fields. We define temperature deformation (TD) expressed

as TD ¼ jTcloakjx¼12 mm � Tbackgroundjx¼12 mmj, in which

Tbackgroundjx¼12 mm denotes the temperature distribution at

x ¼ 12 mm in Fig. 5(a) and Tcloakjx¼12 mm denotes the

temperature distribution at x¼12mm in Figs. 5(b)–5(d).

FIG. 4 (color online). Measured time-dependent temperature

for test points at (�6,0) and (�6,13) mm. Points (�6 0) and

(�6,13) denote the cloaking region and the surrounding (exter-

nal region) respectively, which have been illustrated in the upper

left inset. Lower-right inset shows the temperature difference

between the two test points.

FIG. 5 (color online). Temperature distributions and quantita-

tive comparison for different thermal cloaking schemes. (a) A

pure background. (b) Bilayer thermal cloak proposed in this

Letter. (c) AI thermal cloak with m ¼ 0:2. (d) AH thermal cloak

with n ¼ 3. (e) Temperature gradient at (0,0) for AI thermal

cloak with different m. The inset shows the temperature defor-

mation of the AI thermal cloak with different m. (f) Temperature

gradient at (0,0) for the AH thermal cloak with different n. Inset
shows the temperature deformation of the AH thermal cloak with

different n. Isothermal lines are also represented with white

color in the panel.
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Insets of Figs. 5(e) and 5(f) show the temperature defor-

mation of the AI and AH cloak with different m and n,
respectively. It can be seen that our bilayer cloak functions

better than the other two thermal cloaking schemes, even

using nonextreme parameters.

Comprehensive comparisons amongst these three ther-

mal cloaking schemes indicate that the bilayer isotropic

cloak functions much better than the other two cloaking

schemes of AI and AH configurations. Extreme parameters

might provide better performance for the AI and AH cloak,

but are challenging to realize due to extreme singularities

and the huge anisotropy usually required. Furthermore, the

robustness of our bilayer thermal cloak has been verified

against oblique heat incidence at 30� and 45�, as demon-

strated in the Supplemental Material, Fig. S5 [34]. If the

oblique angle approaches closer to 90�, it will not perform

well, simply because now the heat is flowing along the rod.

In summary, we have experimentally demonstrated a

bilayer thermal cloak with bulk materials. Our design

scheme, derived directly from the conduction equation,

does not rely on transformation optics [5,6], and thus

avoids the problems present in previous cloaking pro-

posals, such as extreme parameters (inhomogeneous,

anisotropic, and singular) and complicated fabrication

[30–32]. Also, this exact scheme is different from the

scattering-cancellation technique that only diminishes the

dominant order [4–6]. Finally, nearly perfect performance

can be achieved employing only regular bulk materials

indicating that our advanced scheme is suitable for real

engineering applications.

There are three types of heat transfer: heat conduction,

heat radiation, and heat convection. In heat radiation, heat is

transferred by electromagnetic waves. In heat convection,

heat is transferred by the mass transport. In the heat con-

duction case, which is the case of the thermal cloak, heat is

transferred by lattice vibration, under the scope of conven-

tional phononics. So far phononics makes use of the non-

linearity of the material or lattice to control or manipulate

heat flow. Therefore, the work presented here has intro-

duced a new dimension to the emerging field of phononics:

controlling and manipulating heat flow with phonons [35].
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[4] A. Alù and N. Engheta, Phys. Rev. E 72, 016623 (2005).

[5] A. Alù and N. Engheta, Opt. Express 15, 3318 (2007).
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