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Cloaks can protect objects without disturbing heat signatures outside cloaks, and hence, objects are

invisible to outside detection. However, cloaks themselves are visible to inside detection because

they possess different heat signatures from the outside. This fact limits applications. Here, we solve

this problem in thermotics by developing a different theory and then propose the scheme of

thermal supercavity, a cavity without disturbing heat signatures outside. We investigate different

supercavities with various shapes in two or three dimensions and validate the desired effects by

simulations and experiments. We further design the scheme of super-invisibility which makes the

cavity itself also invisible to inside detection. Moreover, our scheme simplifies the complicated

parameters of non-circle shaped cloaks, which requires only two natural materials with a simple

layer structure. Our work is useful for achieving new kinds of thermal devices, including thermal

camouflage and designing similar supercavities in magnetostatics, electrostatics, particle diffusion,

etc. Published by AIP Publishing. https://doi.org/10.1063/1.5034183

I. INTRODUCTION

Invisibility is a long-standing dream of human beings.

Since the theory of transformation optics was put forward,1,2

electromagnetic invisibility has attracted much attention

(e.g., see Refs. 3–5). In the duration, the physical fields have

also been extended from those described by wave equations

(say, in electromagnetics/optics1–5 and acoustics6,7) to those

determined by diffusion equations (e.g., in thermotics8–10).

Furthermore, the theories have been developed from the

original transformation optics to others (e.g., directly solving

the Laplace equation11–20), in order to design practical

structures.

However, the existing thermal cloaks12–14,21,22 are faced

with a common problem: cloaks themselves are visible to

inside detection. Let us take a thermal cloak (designed by

transformation thermotics) as an example; see Fig. 1(a). The

thermal cloak (a shell surrounding the cavity) can guide heat

to flow around the cavity (in which arbitrary objects can be

placed) without disturbing heat signatures outside the cloak

(or in the background). Thus, objects located in the cavity

are “invisible” to outside detection [Fig. 1(a)]. However,

thermal cloaks themselves are “visible” to inside detection

[Fig. 1(a)] since they have different heat signatures from the

outside as determined by the associated theories (say, the the-

ory of transformation thermotics).21,22 This fact limits appli-

cations, e.g., in the cases of misleading infrared detection.

To solve this problem, here we establish a different

theory, which allows us to propose the scheme of the super-

cavity as schematically shown in Figs. 1(b) and 1(c). Clearly,

the cavity does not disturb external heat signatures including

those in the region of the shell.

We further design the super-invisibility which makes

both the shell and cavity invisible to inside detections.

Therefore, as pioneered by the work in Ref. 16, the whole

system is invisible to whatever detections, which will con-

tribute to thermal camouflage or illusion.15,16,23–25

The aforementioned behaviors will be confirmed by

simulations and experiments in this work. To proceed, let us

first present the theory.

II. THEORY

We start by presenting the Fourier law that governs the

process of heat conduction

J ¼ �j$T; (1)

where J, j, and T are heat flux, thermal conductivity, and

temperature, respectively.

As shown in Figs. 1(b)–1(d), our system contains three

parts: shell (constructed by anisotropic materials in this

work), cavity (in which arbitrary objects can be placed), and

background. Comparing with traditional cloaks where tem-

perature fields are distorted in the shell [Fig. 1(a)], we expect

to keep the temperature fields of both the shell and back-

ground the same [Figs. 1(b) and 1(c)], no matter what kinds

of objects are placed in the cavity. In fact, if we can artifi-

cially match the boundary conditions (temperature T and

normal heat flux J) between the shell and background, our

expectation could be achieved indeed. In what follows, we

give a proof to verify our idea.

Let us consider the background with two solutions of

temperatures (T0 and T00) and heat fluxes (J0 and J00) and

introduce an auxiliary function ZðrÞ ¼ ðT0 � T00ÞðJ0 � J00Þ.
Supposing that we have artificially matched the boundary

conditions between the background and the shell

T0R ¼ T00R
J0 � enð ÞR ¼ J00 � enð ÞR; (2)a)Electronic mail: jphuang@fudan.edu.cn
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where R represents the boundary and en is the unit normal

vector of the boundary. So the integral value of ZðrÞ on the

boundary R must be zero

ð
R

Z rð Þ � ds ¼
ð

V

$ � Z rð Þds ¼ 0: (3)

We then calculate the divergence of ZðrÞ

$ � Z rð Þ ¼ $T0 � $T00ð Þ � J0 � J00ð Þ þ T0 � T00ð Þ

� $ � J0 � $ � J00ð Þ: (4)

For the same background, we obtain

$ � J0 ¼ $ � J00 ¼ q; (5)

where q is the energy generated per unit volume and per unit

time. Then, Eq. (4) becomes

$ � Z rð Þ ¼ $T0 � $T00ð Þ � J0 � J00ð Þ: (6)

Equation (3) reads

ð
V

$T0 � $T00ð Þ � J0 � J00ð Þds ¼ 0: (7)

We further reduce Eq. (7) according to Eq. (1)

�
ð

V

j $T0 � $T00ð Þ2ds ¼ 0: (8)

Since j is always positive, we achieve

$T0 ¼ $T00: (9)

Then, we can conclude that if one can match the bound-

ary conditions between the background and shell, the temper-

ature profile of the background can remain unchanged. To

match the boundary conditions between the background and

shell, we can design the temperature distribution as follows:

Gradient Tð Þx ¼ $T0;

Gradient Tð Þy ¼ 0; (10)

where ðGradient TÞx (or ðGradient TÞy) is the horizontal (or

vertical) thermal gradient in the shell and $T0 is the thermal

gradient in the background. We do not consider the boundary

conditions of heat flux because the normal heat flux is zero;

see red arrows in Fig. 1(c).

Now, we need to design the parameters of the shell to

satisfy the required temperature distribution [Eq. (10)].

According to the conservation of heat flux in the shell; see

red arrows in Fig. 1(c), we obtain

�jxx g xð Þ � f xð Þ½ �j Gradient Tð Þxj ¼ �jbg xð ÞjrT0j;
�jyyj Gradient Tð Þyj ¼ d; (11)

where d should be a non-zero (finite) variable, and jxx (or jyy)

is the horizontal (or vertical) thermal conductivity of the shell

(or anisotropic material), and jb is the thermal conductivity of

FIG. 1. Schematic diagram showing

our concept: (a) the traditional circular

cloak contains a distorted temperature

field in the shell, thus causing the shell

to be “visible” to inside thermal detec-

tion; (b) our circular supercavity pro-

posed in this work has an undistorted

temperature field in the shell, thus

yielding the shell to be “invisible”.

Besides the circular case depicted in

(b), our supercavity can be non-

circular as well: (c) shows an example

of square supercavity, whose details

are indicated in (d). Brown lines and

red arrows represent isotherms and

heat flux, respectively.
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background. f ðxÞ and gðxÞ describe the length of the cavity

and shell at the position x, respectively, which have been

depicted in Fig. 1(d). Then, we derive the thermal conductivity

jani1 of the shell (anisotropic material) as

jani1 ¼
g xð Þjb

g xð Þ � f xð Þ
0

0 jyy

0
B@

1
CA; (12)

where jyy should be1 to ensure a non-zero d. Equation (12)

just helps to design our desired shell which itself is also

invisible; see Figs. 2–4.

Moreover, our theory can even make the cavity invisible

(say, super-invisibility) with some sacrifice; see Fig. 5. The

cloak designed according to Eq. (12) works regardless of the

change of objects in the cavity. However, if we expect to

make the cavity also invisible, the shell should be designed

according to the cavity (object). We can design as follows.

Similar to the scheme of the supercavity (the conserva-

tion of heat flux), we obtain

�jxx n xð Þ�m xð Þ½ ��jcm xð Þ
� �

j Gradient Tð Þxj¼�jbn xð Þj$T0j;
�jyyj Gradient Tð Þyj¼d; (13)

where mðxÞ and nðxÞ are the length of the cavity and shell,

which have been depicted in Fig. 5(a). Then, we derive the

thermal conductivity jani2 of the shell (or anisotropic

material)

FIG. 2. Simulations of the square shaped cavity: the color surface displays the distribution of temperature (a)–(f) or temperature difference (g)–(i), and the

white lines in (a)–(f) represent the isotherms. (a) background material (silica gel) with thermal conductivity 3.6 W/(m � K) and size 8� 8 cm; (b) the same

background material whose central square area is occupied by an object (red copper) with 397 W/(m � K) and 1.5� 1.5 cm; (c) same as (b), but the object is

wrapped in air with 0.026 W/(m � K) and 2� 2 cm. (d)–(f) are same as (c), but the air is further wrapped in a square shell (that is constructed by an anisotropic

material) with 4� 4 cm. For the square shell (or the anisotropic material), the thermal conductivity is determined according to Eq. (12): jyy¼ 20 (d), 200 (e),

and 2000 (f) W/(m � K). The temperature difference between (d)–(f) and (a) is shown in (g)–(i), respectively. In (g)–(i), the central white square with 2� 2 cm

denotes the area involving both the object and air in (d)–(f); this area just corresponds to the cavity as indicated in Fig. 1.
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jani2 ¼
n xð Þjb � m xð Þjc

n xð Þ � m xð Þ 0

0 jyy

0
B@

1
CA; (14)

where jyy should also be1 and jc is the thermal conductiv-

ity of cavity (object).

III. SIMULATIONS AND EXPERIMENTS
OF THE SQUARE SHAPED CAVITY

We perform finite-element simulations based on the

commercial software COMSOL Multiphysics (http://

www.comsol.com/) to show the validation of the aforemen-

tioned theory. Without loss of generality, we take the square

shape as an example and display the simulations in Figs.

2(a)–2(f). Figure 2(a) shows the homogeneous background

with uniform thermal field. Then, we put an object (whose

thermal conductivity is different from the background) into

the background, and the temperature profile is distorted; see

Fig. 2(b). To remove the distortion, we add air outside

the object to construct an insulation cavity [Fig. 2(c)].

However, the thermal profile is still not recovered; see Fig.

2(c). In Figs. 2(d)–2(f), three shells (anisotropic materials)

with jyy ¼ 20; 200 and 2000 W/(m �K) according to Eq.

(12) are applied to remove the temperature distortion.

Figures 2(d)–2(f) exhibit almost the same temperature pro-

file as that in Fig. 2(a); certainly larger jyy yields better

comparison, which echoes with the prediction of Eq. (12).

So the object is well hidden and the shell itself is also invis-

ible. We further calculate the difference between Figs. 2(a)

and 2(d)–2(f); see Figs. 2(g)–2(i). Clearly, the temperature

distortion in the shell is well removed, especially for the

case of larger jyy.

On the other hand, we also fabricated two samples

[Figs. 3(a1) and 3(b1)] to verify the simulation results in

Fig. 2. The anisotropic thermal conductivity of the shell, which

is determined by Eq. (12), is designed with layer structures

j ¼

a=bþ 1ð Þjajb

a=bð Þjb þ ja
0

0
a=bð Þja þ jb

a=bþ 1

0
BBB@

1
CCCA; (15)

where a (or b) is the length of the uniform material with ther-

mal conductivity ja (or jb).

Then, we choose red copper and thermal grease with an

appropriate ratio according to Eq. (15) to fabricate the shell and

we utilize silica gel as the background material [Fig. 3(a1)].

Figure 3(a2) is the measured result of the sample shown in

Fig. 3(a1). Figures 3(b1) and 3(b2) show a reference group.

Figure 3(b2) is the experimental result of the homogeneous

background shown in Fig. 3(b1). Clearly, the comparison

between Figs. 3(a2) and 3(b2) is satisfactory. A small differ-

ence between experiments and simulations is caused by the

thermal convection, and the experiments show the qualita-

tive results.

IV. SIMULATIONS OF VARIOUS SHAPED CAVITIES
IN TWO OR THREE DIMENSIONS

To show the robustness and generality of our theory, we

further perform simulations for other shapes like rectangle,

circle, ellipse, and irregular shape in two dimensions; we

FIG. 3. Experiments of square shaped

cavity: thermal images of experimental

samples (a1) and (b1) are displayed in

(a2) and (b2), respectively. (a1) is the

fabricated sample which is composed

of a middle square (red copper) with

size 1.5� 1.5 cm; out of the middle

square is air with 2� 2 cm; out of the

air is the shell composed of the aniso-

tropic material with 4� 4 cm, which is

made up of red copper and thermal

grease; outermost is the background

(silica gel) with 8� 8 cm. (b1) shows

the sample of uniform background,

namely, silica gel. Thermal conductivi-

ties of red copper, thermal grease, air,

and silica gel are 397, 1.6, 0.026, and

3.6 W/(m � K), respectively; the thick-

ness of the two samples is about

0.3 mm.
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also investigate the shape of a three-dimensional cuboid. See

Fig. 4. In Figs. 4(a1)–4(e1), we place the objects with the shapes

of rectangle, circle, ellipse, irregular shape, and cuboid into the

thermal field, respectively. As a result, the temperature profile is

undoubtedly distorted. Then, we put these objects into the cavity

associated with the shells [designed according to Eq. (12) where

jyy¼ 2000 W/(m �K)]; see Figs. 4(a2)–4(e2) that show the

desired effects (namely, the temperature gradient in the shell is

the same as that in the background). Figures 4(a3)–4(e3) show

the simulation results of the practical structures displayed in

Figs. 4(a4)–4(e4), respectively. The parameters of these struc-

tures are determined according to Eq. (15). The simulation

FIG. 4. Simulations of various shaped cavities. (a1)–(a4) show a rectangular case: (a1) and (a2) are, respectively, the same as Figs. 2(b) and 2(f), but for

the rectangular shape; for experimentally demonstrating (a2), (a3) shows simulation results of the structure designed in (a4) according to Fig. 3 and Eq.

(15). Similar to (a1)–(a4), (b1)–(b4) show the circular shape, (c1)–(c4) the elliptic shape, (d1)–(d4) the irregular shape, and (e1)–(e4) the cuboid shape.

For clarity, a small cuboid in the middle of (e4) is removed to display the inner structure. The results (namely, the uniform thermal gradients in shells)

obtained from this figure are independent of sizes of the shells due to the generality of Eqs. (12) and (15). Thus here we omit such specific values of sizes

adopted for simulation.
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results show that the shells themselves are invisible indeed,

while the objects are hidden in the central regions.

V. SIMULATIONS OF SUPER-INVISIBILITY

Similar simulations with Fig. 2 are also conducted to

validate the super-invisibility; see Fig. 5. The cavity is

fully filled with objects, and there is no longer insulation

material (air) between the object and shell. Therefore, the

shell is specific, which only works for a certain object.

Figure 5(b) shows a uniform thermal field in the homoge-

neous background. Then, we put an object into the back-

ground; see Fig. 5(c). In Figs. 5(d)–5(f), three shells with

jyy ¼ 20; 200 and 2000 W/(m � K) according to Eq. (14)

are applied to cancel out the temperature distortion. We also

calculate the difference between Figs. 5(b) and 5(d)–5(f);

see Figs. 5(g)–5(i). Clearly, the temperature distortion in the

shell and cavity is both removed indeed, and hence, super-

invisibility is realized.

VI. DISCUSSION AND CONCLUSION

Our supercavity is essentially a unidirectional passive

cloak, for the boundary conditions are artificially matched. If

the cavity is rotated or uniform external field is changed, our

scheme does not work again. Compared with the existing

unidirectional active cloak,26–28 our scheme does not require

extra sources, which is no doubt more applicable.

Our scheme also simplifies the extremely complicated

parameters of non-circle shaped cloaks. As designed by trans-

formation thermotics,10 non-circle shaped cloaks require

extreme materials including inhomogeneity, anisotropy, and

FIG. 5. Simulations of super-invisibility. (a) schematic diagram of the design; (b) background material (silica gel) with thermal conductivity 3.6 W/(m � K) and

size 8� 8 cm; (c) the same background material whose central square area is occupied by an object with 7 W/(m � K) and 2� 2 cm; (d)–(f) the same as (b), but

the object is wrapped in a square shell (that is constructed by an anisotropic material) with 4� 4 cm. For the square shell, the thermal conductivity is determined

according to Eq. (14): jyy¼ 20 (d), 200 (e), and 2000 W/(m � K) (f). The temperature difference between (d)–(f) and (b) is shown in (g)–(i), respectively.
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singularity, which are almost impossible to experimentally

realize regardless of the development of thermal metamateri-

als. In contrast, our design requires only two natural materials

with a simple layer structure, which will bring great conve-

nience and potential applications.

We have investigated the case of steady states only.

Certainly, the unsteady state is subjected to further research

because of the specific role of heat capacity.10,29

So far, we have established a theory and then proposed

the scheme of the thermal supercavity which makes the shell

itself also invisible to inside detection. The effect has been

confirmed in simulations and experiments. Only two natural

materials (red copper and thermal grease, which are commer-

cially available) were used to fabricate the shell in our experi-

ment, which overcomes parameter complexity. Our theory is

general for designing different shaped shells in both two and

three dimensions. We also design the super-invisibility which

makes the whole system invisible to whatever detections.

Our scheme enriches the research scale of thermal devi-

ces including thermal camouflage. It is useful for directly

designing similar supercavities and super-invisibility in dis-

ciplines like magnetostatics,11 electrostatics,30 and particle

diffusion,31 where electric conductivities, magnetic perme-

abilities, and diffusion coefficients, respectively, play the

same role as thermal conductivities in thermotics.
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