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Chameleons have the ability to change their colors to adapt to nearby objects. Here, we introduce this
behavior from optics to thermotics. By theory, simulation, and experiment, we design and fabricate a
class of counterintuitive chameleonlike metashells: they exhibit adaptive thermal responses to changing
objects in the vicinity (such objects are characterized by changing thermal conductivities and/or temper-
ature distributions), even though their thermal conductivities are passive (without any preknowledge of
the changing objects). We reveal the underlying mechanism by deriving the specific relations governing
the components of tensorial conductivities of the metashells. Our metashells are passive, but they display
adaptivity, which can work as a type of all-purpose material to meet different requirements of thermal
conductivities under different conditions. The potential applications are to realize novel camouflaging,
self-adaption, etc. This work gives a passive method for exploring intelligent thermal metamaterials in
contrast to the existing active methods, and it also offers guidance for designing similar behaviors in
electrostatics, magnetostatics, and particle diffusion.
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I. INTRODUCTION

Thermal cloaks [1–11] have aroused intense interest for
their potential application in protecting the objects inside
from being detected. From the perspective of thermal con-
ductivity, the most striking feature of thermal cloaks is the
fixed overall effective thermal conductivity.

Nevertheless, these schemes are “active” because of the
necessity of considering environmental effects in advance,
rather than “passive,” without the preknowledge of envi-
ronments. Concretely speaking, when a traditional cloak
(i.e., without external control) [1–8] is designed, the ther-
mal conductivity of the cloak is related to that of the
environment outside the cloak; when a nontraditional cloak
(i.e., with external control) [9–11] is designed, the temper-
ature distribution of the environment should be taken into
consideration.

Therefore, in spite of the excellent performance of ther-
mal cloaks, the fixed and active material properties may
lack the feasibility to adapt to environmental changes.
Owing to actual application requirements (such as all-
purpose materials), it is urgent to explore thermal meta-
materials that have adaptive responses to environments,
which may be called “intelligent thermal metamaterials”
hereafter.

In this direction, several papers have been published that
take into account the temperature dependence of thermal
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conductivities [12–14] or permittivities [15]. However, the
relevant methods are active (not passive), as defined above.
For such methods, a severe limitation is that the environ-
ment plays a dominant role in designing and fabricating the
intelligent metamaterials, which still restricts applications.

To overcome this limitation, here we propose a pas-
sive method, which allows us to achieve intelligent thermal
metamaterials without the need to consider the influence of
environments. As a result, we successfully design and fab-
ricate a class of counterintuitive chameleonlike metashells
whose effective thermal conductivities can change adap-
tively with objects in the vicinity, just like chameleons
whose colors can change with nearby objects. Such an idea
is, to some extent, inspired by natural creatures because
they have helped scientific development from the aspects
of phenomena and/or mechanisms, such as structure col-
ors [16,17], adaptive camouflage [18,19], radiation cooling
[20,21], and so on. In what follows, the scheme is validated
by theory, simulation, and experiment.

II. THEORY FOR CHAMELEONLIKE THERMAL
METASHELLS

The essence of chameleonlike thermal metashells is
their adaptively changing thermal conductivities. Let us
start by considering the two-dimensional system shown
in Fig. 1(a). The system is split by the metashell (Region
II) into three regions, whose tensorial conductivities are
κ̃1, κ̃2, and κ̃3, corresponding to Regions I, II, and III,
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(a) (b) FIG. 1. Chameleonlike thermal
metashells: (a) schematic graph;
(b) the calculated overall thermal
conductivity κe (Region I+II), as
a function of κ1 (Region I). The
parameters are R1 = 4.8 cm, R2 =
7.2 cm, and κθθ = 0+ as required
by Eq. (5).

respectively. Without loss of generality, we first suppose
the object (Region I) and background (Region III) are
isotropic, and the metashell (Region II) is anisotropic: κ̃1 =
κ1Ĩ2, κ̃3 = κ3Ĩ2, and κ̃2 = diag (κrr, κθθ ). Here, Ĩ2 is the
second-order identity matrix, and all the tensors adopted
in this work are expressed in cylindrical coordinates (r, θ)

unless otherwise indicated. Then we can derive the overall
thermal conductivity of Region I+II (denoted by κe) as

κe = m1κrr
κ1 + m1κrr + (κ1 − m1κrr)

(√
p
)2m1

κ1 + m1κrr − (κ1 − m1κrr)
(√

p
)2m1

, (1)

where m1 = √
κθθ/κrr and p = (R1/R2)

2 is the area frac-
tion. A detailed derivation for obtaining Eq. (1) can be
found in the Appendix.

Then, we calculate the limit of κe when κθθ/κrr goes to
0,

κe = κrr
κ1 − κθθ ln

√
p

κrr − κ1 ln
√

p
. (2)

We resort to Eq. (2) to find out the requirement of
chameleonlike metashells. As the name suggests, the
chameleonlike metashell changes its thermal conductivity
with nearby objects (located in Region I),

κ2 = κ1, (3)

where κ2 is the effective scalar thermal conductivity of
the chameleonlike metashell (Region II). Since the ther-
mal conductivity of Region I or II is κ1, that (κe) of Region
I+II has the only possibility to be

κe = κ1. (4)

Comparing Eq. (3) with Eq. (2), we obtain the requirement
of the metashell as

κθθ = 0+ and κrr � κ1, (5)

for κθθ/κrr → 0. Clearly, Eq. (5) makes Eq. (2) satisfy the
requirement of Eq. (4). Here, κθθ = 0+ is a physical condi-
tion, which can be realized by materials with low thermal
conductivities, such as air (with thermal conductivity 0.026
W m−1 K−1). Incidentally, a larger κrr could yield a bet-
ter chameleonlike behavior as numerically demonstrated
in Fig. 1(b).

III. FINITE-ELEMENT SIMULATIONS AND
LABORATORY EXPERIMENTS OF

CHAMELEONLIKE THERMAL METASHELLS

To validate the theory, we firstly perform finite-element
simulations of the proposed chameleonlike metashells
based on the commercial software COMSOL MULTIPHYSICS
[22].

There are three regions in Figs. 2(a)–2(f) just like
Fig. 1(a). Chameleonlike metashells, normal shells, and
reference shells are, respectively, applied in Region II of
Figs. 2(a) and 2(d), 2(b) and 2(e), and 2(c) and 2(f). For
the convenience of comparison, we set the background
(Region III) to have the same thermal conductivity as
the corresponding object (Region I). Therefore, to check
whether the thermal conductivity of the metashell (Region
II) changes with the object inside (Region I), we can
just compare the temperature profiles in the background
(Region III) corresponding to the chameleonlike metashell
and the reference shell. If the temperature profiles are the
same, the proposed chameleonlike metashell does work as
expected.

When the chameleonlike metashell reaches an object
[Fig. 2(a)], it adaptively changes its thermal conductivity
corresponding to the object, which results in the same tem-
perature profile in the background (Region III) as the ref-
erence shell [Fig. 2(c)]. However, the normal shell distorts
the background isotherms [Fig. 2(b)] due to its different
thermal conductivity. Further, we change the thermal con-
ductivity of the object, but keep the metashell unchanged
[Fig. 2(d)]. As a result, the thermal conductivity of the
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(a) (b) (c)

(d) (e) (f)

FIG. 2. Finite-element simula-
tions of chameleonlike thermal
metashells. The thermal conduc-
tivities of (a),(d) chameleonlike
metashell and (b),(e) normal
shell are diag(4000, 0) and 40
W m−1 K−1, respectively. The
thermal conductivities of the
object (Region I) and background
(Region III) are set to be the
same, which are (a)–(c) 20 and
(d)–(f) 60 W m−1 K−1. The ther-
mal conductivities of reference
shells in (c),(f) are the same as
those of corresponding objects.
The simulation box in (a)–(f)
is 20 × 20 cm2, R1 = 4.8 cm,
and R2 = 7.2 cm. White lines
represent isotherms.

chameleonlike metashell also adaptively changes, which
results in the same background temperature profile as that
corresponding to the reference shell [Fig. 2(f)]. In this case,
the normal shell fails to change again [Fig. 2(e)]. The
parameters of the chameleonlike metashell are designed
according to Eq. (5) and the performance of Figs. 2(a) and
2(d) echoes the red line in Fig. 1(b).

For experimental validation, we set up the measuring
device shown in Fig. 3(a). We further fabricate two exper-
imental samples [Figs. 3(b) and 3(f)] to validate the sim-
ulations shown in Figs. 2(a) and 2(d). The parameters of
the chameleonlike metashell in Figs. 2(a) and 2(d) are very
ideal, but here we use approximate parameters to conduct
experiments without affecting the results. The two samples

are fabricated by laser cutting and measured by the appara-
tus shown in Fig. 3(a). The corresponding measured results
are shown in Figs. 3(c) and 3(g), which prove that the
thermal conductivity of the chameleonlike metashell does
change with different objects. We also perform simulations
based on the two samples to remove the effects of con-
vection and radiation, which are shown in Figs. 3(d) and
3(h). As references, Figs. 3(e) and 3(i) show the simulation
results of the pure background with drilled air holes whose
sizes are the same as the background in Figs. 3(b) and 3(f).
Both simulations [Figs. 2(a) and 2(d) and Figs. 3(d) and
3(h)] and experiments [Figs. 3(c) and 3(g)] help to validate
the feasibility of the chameleonlike metashell. In addi-
tion, we also calculate the effective thermal conductivity

(a) (b)

(f) (g) (h) (i)

(c) (d) (e)

FIG. 3. Laboratory experiments of chameleonlike thermal metashells. (a) Experimental setup. (b),(f) Photos of two samples. The
measured and simulation results of (b) [or (f)] are shown in (c),(g) [or (d),(h)], respectively. (e),(i) Simulation results of the pure
background as adopted in (b),(f), respectively. The thermal conductivities of the copper and air are 400 and 0.026 W m−1 K−1, respec-
tively. These parameters cause the tensorial thermal conductivity of the chameleonlike metashell in (b),(f) to be diag (264.68, 0.08)

W m−1 K−1 and the thermal conductivities of the object [or background] to be 20 W m−1 K−1 for (b) and 60 W m−1 K−1 for (f). The
sample sizes in (b),(f) are the same as those for Fig. 2(a).
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

( )

FIG. 4. Finite-element simu-
lations of extended chameleon-
like thermal metashells: (a)–(c)
nonuniform fields gener-
ated by point heat sources;
(d)–(f) anisotropic objects;
(g)–(i) noncircular shapes.
The thermal conductivities of
object/background are (a)–(c)
and (g)–(i) 20 W m−1 K−1 and
(d)–(f) [(30, 20), (20, 30)]
W m−1 K−1 (tensorial form in
Cartesian coordinates). The
metashell in (a), (d), and (g) is
the same as that in Figs. 2(a)
and 2(d), namely, diag(4000, 0)

W m−1 K−1. The thermal con-
ductivity of the normal shell is
100 W m−1 K−1. The thermal
conductivity of the reference
shell is the same as that of
the corresponding object,
namely 20 W m−1 K−1 for
(c),(i), and [(30, 20), (20, 30)]
W m−1 K−1 for (f). Other
parameters are the same as
those for Fig. 2(a).

changing with different structure parameters to ensure
the completeness of our experiment; see Fig. 5 in the
Appendix.

Finally, we extend the chameleonlike metashell from
uniform to nonuniform fields, from isotropic to anisotropic
objects, and from circular to complex shapes; see Fig. 4.
Chameleonlike metashells, normal shells, and reference
shells are applied in Figs. 4(a), 4(d), and 4(g); Figs. 4(b),
4(e), and 4(h); and Figs. 4(c), 4(f), and 4(i), respectively.
When the chameleonlike metashell reaches an object with
nonuniform fields [Fig. 4(a)], it adaptively changes its
thermal conductivity corresponding to the object, which
results in the same temperature profile in the background
(Region III) as the reference shell [Fig. 4(c)]. How-
ever, the normal shell distorts the background isotherms
[Fig. 4(b)] significantly due to its different thermal con-
ductivity. Similarly, when the chameleonlike metashell
reaches an object with anisotropic parameters [Fig. 4(d)],
it adaptively changes its thermal conductivity correspond-
ing to the anisotropic object, which results in the same
temperature profile in the background (Region III) as the
reference shell [Fig. 4(f)]. However, the normal shell also
distorts the background isotherms [Fig. 4(e)] due to its dif-
ferent thermal conductivity. Then, we arbitrarily change
the shape of the chameleonlike metashell (without chang-
ing the other parameters) to check whether it still works.

The same temperature profile in background (Region III)
between Figs. 4(g) and 4(i) demonstrates the ability of the
chameleonlike shell. Again, the normal shell distorts the
background isotherms [Fig. 4(h)]. These results show that
our chameleonlike metashells are robust under different
conditions.

IV. DISCUSSION AND CONCLUSION

By developing a theory, we reveal a type of counterin-
tuitive chameleonlike behavior in thermal conduction: the
joint thermal effect of a metashell (Region II with radius
between R1 and R2) and object (Region I with radius R1)
on a background (Region III) is always the same as the
thermal effect of the pure object (with radius R2) on the
same background, while the object changes with different
conductivities and/or temperature distributions. Namely,
in this case, the metashell (Region II) always adapts to
the changing objects (Region I) well; thus, we call it
chameleonlike behavior. This behavior predicted by our
theory is further confirmed by finite-element simulations
and laboratory experiments.

The proposed chameleonlike meteshells can work as
a type of all-purpose material to meet different require-
ments of thermal conductivities under different conditions.
For example, thermal conductivities are expected to be
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relatively low in a thermal protection field, whereas they
are expected to be relatively high in a thermal dissipa-
tion field. Chameleonlike meteshells may address these
problems owing to their adaptive thermal conductivities.

The present chameleonlike metashells are well behaved
in steady states since we do not consider the effects of
both densities and heat capacities. Certainly, chameleon-
like metashells in transient states are promising as well
and good results can be expected in light of the pioneering
results on transient states [3,5,23,24].

In summary, the passive chameleonlike metashells pro-
posed in this work require no preknowledge (namely,
thermal conductivities and temperature distributions) of
nearby objects, but can work adaptively for different adja-
cent objects. Such metashells can act as a type of all-
purpose material and have potential applications in novel
camouflaging, self-adaption, etc. Our work suggests a pas-
sive method for achieving intelligent thermal metamate-
rials in sharp contrast to the existing active methods and
also offers hints on how to design similar behaviors in
electrostatics, magnetostatics, and particle diffusion (where
electric conductivities, magnetic permeabilities, and diffu-
sion constants, respectively, play the same role as thermal
conductivities in thermotics).
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APPENDIX

1. Details for deriving Eq. (1)

Let us consider the governing equation of heat conduc-
tion,

∇ · (−κ̃∇T) = 0, (A1)

where κ̃ and T are tensorial thermal conductivity and
temperature, respectively.

Equation (A1) in Region II can be expanded in cylindri-
cal coordinates (r, θ) as

1
r

∂

∂r

(
rκrr

∂T2

∂r

)
+ 1

r
∂

∂θ

(
κθθ

∂T2

r∂θ

)
= 0, (A2)

where T2 is the temperature in Region II. By analogy, T1
and T3 can be defined for Region I and Region III.

The general solution of Eq. (A2) is

T2 = A0 + B0 ln r +
∞∑

i=1

[Ai sin (iθ) + Bi cos (iθ)] rim1

+
∞∑

j =1

[
Cj sin (j θ) + Dj cos (j θ)

]
rjm2 , (A3)

where m1, 2 = ±√
κθθ/κrr. T1 and T3 can also be given

by the right side of Eq. (A3) with m1, 2 = ±1. The coeffi-
cients in T1, T2, and T3 can be determined by the following
boundary conditions:

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

T1 < ∞,
T1 (R1) = T2 (R1) ,
T2 (R2) = T3 (R2) ,
(−κ1∂T1/∂r)R1

= (−κrr∂T2/∂r)R1
,

(−κrr∂T2/∂r)R2
= (−κ3∂T3/∂r)R2

,
∇T3 (r → ∞) = ∇T0,

(A4)

where ∇T0 represents the external uniform temperature
gradient.

Considering the symmetry of boundary conditions, we
only need to keep several terms of Eq. (A3) to calculate
T1, T2, and T3, say

T1 = A0 + B11r cos θ , (A5)

T2 = A0 + B12rm1 cos θ + D12rm2 cos θ , (A6)

T3 = A0 + B13r cos θ + D13r−1 cos θ , (A7)

where the temperature at θ = ±π/2 is defined as A0.

(a) (b) FIG. 5. Microstructure effects
on effective thermal conductivi-
ties of (a) the background and (b)
the chameleonlike metashell. The
dark area is copper with thermal
conductivity 400 W m−1 K−1, and
light area is air with thermal con-
ductivity 0.026 W m−1 K−1. Other
parameters are b/a = 6.1 for (a)
and α = 0.5 degrees for (b).

054071-5



XU, YANG, and HUANG PHYS. REV. APPLIED 11, 054071 (2019)

With Eqs. (A5)–(A7), Eq. (A4) can then be simplified as
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

B11R1 = B12Rm1
1 + D12Rm2

1 ,

B12Rm1
2 + D12Rm2

2 = B13R2 + D13R−1
2 ,

κ1B11 = κrr

(
m1B12Rm1−1

1 + m2D12Rm2−1
1

)
,

κrr

(
m1B12Rm1−1

2 + m2D12Rm2−1
2

)
= κ3

(
B13 − D13R−2

2

)
,

B13 = |∇T0| .

(A8)

Solving Eq. (A8), we can derive

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

B11 = −4Rm1−1
1 Rm1+1

2 m1κrrκ3 |∇T0|
R2m1

1 (−κ1 + m1κrr) (m1κrr − κ3) − R2m1
2 (κ1 + m1κrr) (m1κrr + κ3)

,

B12 = 2 (κ1 + m1κrr) Rm1+1
2 κ3 |∇T0|

R2m1
1 (κ1 − m1κrr) (m1κrr − κ3) + R2m1

2 (κ1 + m1κrr) (m1κrr + κ3)
,

D12 = −2(κ1−m1κrr)R
2m1
1 R

m1+1
2 κ3|∇T0|

R
2m1
1 (κ1−m1κrr)(m1κrr−κ3)+R

2m1
2 (κ1+m1κrr)(m1κrr+κ3)

,

B13 = |∇T0| ,

D13 = R2m1
1 (−κ1 + m1κrr) (m1κrr + κ3) − R2m1

2 (κ1 + m1κrr) (m1κrr − κ3)

R2m1
1 (κ1 − m1κrr) (m1κrr − κ3) + R2m1

2 (κ1 + m1κrr) (m1κrr + κ3)
R2

2 |∇T0| ,

(A9)

where m2 disappears because we replace m2 with −m1 for
brevity.

Finally, we set D13 to be zero, thus ensuring the ther-
mal field of the background to be uniform. Then we can
derive the value of κ3, which is exactly the overall thermal
conductivity of Region I+II (denoted by κe) as shown in
Eq. (1).

2. Details for laboratory experiments

To realize the thermal conductivity of the background
(20 and 60 W m−1 K−1), we drill different rectangular air
holes on a copper plate. The effective thermal conductivi-
ties of the drilled coppers corresponding to different rect-
angle sizes are obtained from finite-element simulations.
The upper and lower figures in Fig. 5(a) show the effects
on changing the rectangle height and width, respectively.
To realize the thermal conductivity of 20 W m−1 K−1, we
set a = 0.328, b = 2, w = 0.164, and h = 1.8 cm. To real-
ize the thermal conductivity of 60 W m−1 K−1, we set
a = 0.328, b = 2, w = 0.131, and h = 1.2 cm.

To realize the required thermal conductivity of the
chameleonlike metashell, we design the layer structure
presented in Fig. 5(b). The upper and lower figures in
Fig. 5(b) demonstrate the tangential thermal conductiv-
ity and radial thermal conductivity, respectively. We set
α = 0.5 and β = 1 degree to fabricate the two samples.

Then, we use the infrared camera Flir E60 to mea-
sure the temperature distributions. To reduce the infrared
reflection and thermal convection, we use transparent

plastic and foamed plastic (both insulated) to cover the
upper and lower surfaces, respectively.
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