
© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 1731

www.advmat.de
www.MaterialsViews.com

wileyonlinelibrary.com

C
O

M
M

U
N

IC
A
TIO

N

 Full Control and Manipulation of Heat Signatures: 
Cloaking, Camoufl age and Thermal Metamaterials 

   Tiancheng    Han     ,        Xue    Bai     ,        John T.    L. Thong     ,        Baowen    Li     ,       and        Cheng-Wei    Qiu   *   

  An object can be perceived and identifi ed due to its unique 
scattering signature in various physical fi elds, e.g., optics, 
electromagnetics, acoustics, thermotics, etc. Analogous to 
wave-dynamic illusion, thermal camoufl age can potentially 
transform an actual perception into a pre-controlled percep-
tion, thus empowering unprecedented applications in thermal 
cloaking and illusion. In this paper, we propose and realize a 
functional thermal camoufl age device, which is capable of cre-
ating multiple expected images off the original object’s posi-
tion in heat conduction. The thermal scattering signature of 
the object is thus metamorphosed and perceived as multiple 
ghost targets with different geometries and compositions. 
The thermal camoufl age effect is experimentally confi rmed in 
both time-dependent and temperature-dependent cases, dem-
onstrating excellent thermodynamic performance, which may 
open a new avenue to control the diffusive heat fl ow in ways 
inconceivable with phonons. 

 Manipulation of various physical fi elds, including optics, 
electromagnetics, acoustics, thermotics, etc, has been a long-
standing dream for many researchers over the decades. 
Recently, many signifi cant achievements have been motivated 
by pioneering theoretical works. [ 1–4 ]  With the rapid develop-
ment of technologies and artifi cial materials, invisibility cloaks 
have been experimentally demonstrated both at optical [ 5,6 ]  and 
RF [ 7–9 ]  frequencies. Decoupling electric and magnetic effects, dc 
magnetic cloak [ 10,11 ]  and dc electric cloak [ 12,13 ]  have been experi-
mentally realized using ferromagnetic-superconductor mate-
rials and resistor networks, respectively. Beyond controlling 

electromagnetic/dc fi elds, [ 1–13 ]  the theoretical tool of coordinate 
transformation has been extended to the other areas of physics, 
such as acoustics [ 14,15 ]  matter waves [ 16 ]  elastic waves, [ 17 ]  and heat 
fl ux. [ 18–21 ]  

 In contrast to invisibility that changes an arbitrary object 
into nothing [ 1–21 ]  illusion usually refers to the change of signa-
tures for one object into another in a specifi c physical fi eld [ 22–28 ]  
Optical illusion was fi rst proposed based on double-negative 
complementary materials, [ 22 ]  and has been experimentally 
demonstrated in composite transmission-line RLC circuits. [ 23 ]  
The planar RLC circuits based illusion device is inherently 
restricted to lumped circuitry on a circuit board. Soon after, 
wave-dynamic experiments on radar illusion were demon-
strated, [ 24,25 ]  which can only simply reduce the apparent size 
or change the effective material property of the original object. 
Recently, we reported a radar ghost illusion device using micro-
wave metamaterials, [ 26 ]  which can not only reduce the apparent 
size and change the effective material property of the original 
object, but can also alter and shift the scattering center of the 
original object. Beyond optical illusion, [ 22–26 ]  based on the same 
coordinate transformation theory, [ 1 ]  dc illusion [ 27 ]  and acoustic 
illusion [ 28 ]  have been experimentally realized by using resistor 
networks and anisotropic metamaterials, respectively. 

 In this paper, we report a meaningful functional camoufl age 
device in thermotics, which transforms the thermal scattering 
signature of an arbitrary object to that of multiple isolated 
expected objects. In other words, the functional device can make 
the thermal scattering signature of the “cloaked” object equiva-
lent to that of multiple other objects. Different from the pre-
vious transformation-optics-based proposals that needs compli-
cated metamaterial design, [ 22–28 ]  thus leading to many practical 
limitations, our thermal camoufl age device is designed based 
on an exact bilayer cloak that only employs naturally-occuring 
materials. In an actual experimental setup, the proposed device 
is carefully investigated in both time-dependent and tempera-
ture-dependent cases, demonstrating excellent thermodynamic 
performance. 

 The evolution and functions from thermal cloaking to 
thermal camoufl age are schematically illustrated in the left 
column of  Figure   1 . In a heat conduction fi eld, an exposed 
“man” can be unambiguously detected from his thermal signa-
ture, as shown in Figure  1 a1. When the “man” is covered by a 
thermal cloak (see Figure  1 b1, the corresponding thermal sig-
nature vanishes, which means that you can not detect the exist-
ence of the “man”. However, when the “man” is shrouded by 
the designed device (see Figure  1 c1, the corresponding thermal 
signature is completely different from that of Figure  1 a1, but 
exactly the same as that of two “women” in Figure  1 d1. There-
fore, with the camoufl age device, what you can “see” or “feel” 
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is not the actual object, but rather something different. The 
expected objects, deliberately devised to be seen, can be pre-
designed and precisely controlled.  

 The above functionality can be derived based on a two-fold 
operation. The fi rst is to eliminate the scattering of the orig-
inal object by using an exact bilayer cloak, and the second is 
to create the desired scattering signature by placing expected 
objects. The bilayer thermal cloak (see in Figure  1 b2) is com-
posed of an inner layer ( a  <  r  <  b ) and an outer layer ( b  <  r  <  c ) 
with conductivity of  κ  2  and  κ 3  , respectively. The conductivity of 
the background is  κ b  . By using an inner layer that is perfectly 
insulating, i.e.,  κ 2   = 0, this ensures that an external fi eld does 
not penetrate into the cloaking region and the only task then is 
to eliminate the external-fi eld distortion. The external-fi eld dis-

tortion is eliminated when κ κ= +
−

c b
c b

b3
2 2

2 2 , which means that 

the third parameter can be uniquely determined if any two of 

 κ 3  ,  κ b  ,  c / b  are known. Thus an exact bilayer thermal cloak is 
obtained, based on which a thermal camoufl age device is fi nally 
formed by placing expected objects beside the bilayer cloak. 

 For practical realization of the bilayer cloak, the inner 
layer is polydimethylsiloxane (PDMS) with conductivity of 
 κ PDMS   = 0.15 W m −1  K −1 , and the outer layer is copper with 
conductivity of  κ Cu   = 394 W m −1  K −1 . The required conduc-
tivity of the background is achieved by drilling holes into a 
copper plate and fi lling them with PDMS. The PDMS area 
fraction  f  is obtained from the Maxwell-Garnett formula [ 29 ]  

κ κ
κ κ

κ κ κ κ= +
−

+ − −
⎡
⎣⎢

⎤
⎦⎥

f
fb Cu

PDMS Cu

PDMS Cu PDMS Cu
1

2( )
( ) . On the basis of an 

experimental optimization, we choose a square lattice of holes 
with lattice constant 1.6 mm and diameter 1.2 mm, leading to 
 f  = 44%. Thus we obtain  κ b   = 156 W m −1  K −1 , and the calculated 
geometric parameters:  a  = 30 mm,  b  = 33 mm,  c  = 50 mm. The 
actual object (a bare copper cylinder) is shown in Figure  1 a2, 
and the fabricated bilayer thermal cloak is schematically illus-
trated in Figure  1 b2. By placing two expected objects beside 
the bilayer cloak, a thermal camoufl age device is formed in 
Figure  1 c2, in which a cloaked copper object is transformed 
into two PDMS wing-ghosts in the thermal scattering signa-
ture. The equivalent expected objects of the designed device 
are portrayed in Figure  1 d2. The performance of the proposed 
schemes in Figure  1  is numerically verifi ed based on a fi nite 
element method (FEM), as shown in  Figure    2  . The tempera-
ture distribution of original object (a bare copper cylinder) is 
demonstrated in Figure  2 a. When the object is covered by the 
bilayer cloak in Figure  2 b, the thermal scattering vanishes, 
demonstrating no distortion of the external fi elds as if there 
were nothing. However, when the object is shrouded by the 
camoufl age device in Figure  2 c, metamorphosing thermal sig-
nature is presented, which completely different from Figure  2 a. 
For reference, the equivalent objects of two standalone PDMS 
wings are simulated in Figure  2 d. The effectiveness of the cam-
oufl age device in thermal scattering signature is confi rmed 
via the equivalence between the identical patterns in Figures 
 2 c and  2 d outside the outermost boundary (red dotted circle). 
In other words, the proposed device camoufl ages the initial 
thermal signature of a conductor (copper cylinder), replacing 
this with the expected thermal signature of two insulators 
(PDMS).  

 We fabricated the bilayer thermal cloak, camoufl age 
device, and equivalent objects, corresponding to Figure  1 b2, 
Figure  1 c2, and Figure 1d2, respectively. In the experimental 
setup, local heating on the left side of the plate is achieved by 
immersing the lip into a tank fi lled with hot water (80 °C), 

   Figure 1.    Evolution, function, and realization from thermal cloaking to 
thermal camoufl age. (a) The thermal signature shows a “man” (a copper 
cylinder) when a bare “man” (a copper cylinder) stands in a heat con-
duction fi eld. (b) The thermal signature vanishes when the “man” (the 
copper cylinder) is covered by a bilayer thermal cloak. (c) The “man” (the 
copper cylinder) shrouded by the designed camoufl age device shows the 
metamorphosed thermal feature of the “man” (the copper cylinder), i.e. 
two “women” (two insulated sectors). (d) The thermal signature of two 
“woman” (two insulated sectors) is equivalent to the camoufl age device 
in (c). Left column corresponds to conceptual scheme, and right column 
corresponds to physical realization. Geometric parameters:  a  = 30 mm, 
 b  = 33 mm,  c  = 50 mm, d = 70 mm, and  θ = 90° . Inset shows the geo-
metric size and materials of a unit cell. 

   Figure 2.    Simulated temperature profi les for proposed devices in Figure  1 . 
(a) Original object (a bare copper cylinder) corresponding to Figure  1 a2. 
(b) Bilayer thermal cloak corresponding to Figure  1 b2. (c) Thermal cam-
oufl age device corresponding to Figure  1 c2. (d) Equivalent objects cor-
responding to Figure  1 c2. Isothermal lines are also represented in white 
color in panel. As predicted, the simulations clearly demonstrate the cam-
oufl age phenomenon in thermal scattering signatures. 
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temperature-independent property of the 
proposed camoufl age device. 

 The heat baths in the simulations are 
mimicked by fi xed temperatures, showing 
good agreement with measured ones, which 
can be further corroborated by normalizing 
the temperature distributions. As the inner 
layer of bilayer cloak is not made of a perfect 
thermal insulation material ( κ  = 0), a small 
amount of thermal energy will diffuse into 
the cloaking region and raise the temperature 
after a long time. Hence, thermal protection 
works only transiently (but over a respect-
able period of time as demonstrated in our 
thermal cloak), but the heat-front mainte-
nance never fails as time elapses. There-
fore, on the basis of exact bilayer cloak, the 
camoufl age device retains the same thermal 
scattering signature as time elapses, demon-
strating a thermotic camoufl age effect. 

 To examine the omnidirectional effective-
ness of the proposed camoufl age device, we 
calculated the temperature distributions when 
the heat conduction is along different direc-
tions, as shown in  Figure    4  . It is concluded 
that the camoufl age device functions equally 
well for arbitrary incident heat fi elds via the 
equivalence seen in the identical patterns in 
Figures  4 a and  4 b for vertical incidence, and 
Figures  4 c and  4 d for oblique incidence. It is 
also important to investigate the effectiveness 
of the camoufl age effect when multiple cam-

oufl age devices are put together and mutual coupling may occur 
between them. The simulation results of multiple camoufl age 

while the right side is connected to a tank fi lled with water 
at room temperature. The cross-sectional temperature pro-
fi le is captured with a Flir i60 infrared camera. The transient 
temperature distributions of the proposed devices are meas-
ured at different times  t  = 1, 5, 10, and 20 min after placing 
the left side of the sample into hot water (80 °C). The meas-
ured result of the bilayer cloak is shown in  Figure    3  a, which 
demonstrates its ability to maintain the heat-front and its heat 
protection capabilities. It is apparent that the cloak success-
fully fulfi lls its task in that the central region is colder than its 
surrounding by reducing the external heat fl ux that enters the 
cloaking region. Furthermore, both front and rear temperature 
fronts outside the cloak remain nearly planar as time elapses. 
The simulation results corresponding to Figure  3 a are provided 
in Supplementary Figure S1a, in which good agreement can be 
seen. Figure  3 b shows the measured results of the camoufl age 
device, which accords very well with simulation results in Sup-
plementary Figure S1b. 

  Figure  3 b shows the measured results of the camoufl age 
device, which accords very well with equivalent objects in 
Figure  3 c. The simulation results of the camoufl age device 
and corresponding expected objects are also provided in Sup-
plementary Figures S1b and S1c, which present good agree-
ment with the experiment results. Because our heat source is 
boiled water, it is noted that the temperature drops with time 
during the measurement. With the change of temperature, 
thermal signature is always maintained, demonstrating the 

   Figure 3.    Experimental measurement of transient temperature profi les at different times t = 
1, 5, 10, 20 min. (a) Results for the bilayer cloak in Figure  1 b2. (b) Results for the camoufl age 
device in Figure  1 c2. (c) Results for the equivalent objects in Figure  1 d2.Obviously, the pro-
posed devices show excellent performance as time elapses. 

   Figure 4.    Temperature distributions for thermal camoufl age device and 
corresponding expected objects with the heat conduction along different 
directions. (a,b) Vertical incidence. (c,d) Oblique incidence. Isothermal 
lines are superimposed as white lines in panel. 
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devices are given in Supplementary Figure S2. Clearly, both for 
horizontal incidence (Figures S2a and S2b)and vertical inci-
dence (Figures S2c and S2d), the thermal scattering pattern of 
camoufl age array agrees very well with corresponding expected 
objects.  

 In summary, we have experimentally demonstrated a thermal 
camoufl age device enabling an object to possess arbitrary wing-
ghosts off its original position and produce expected images. 
Our design scheme, derived directly from the conduction equa-
tion, does not rely on transformation optics, [ 1 ]  and thus avoids 
the problems present in previous proposals, such as extreme 
parameters (inhomogeneous and anisotropic material proper-
ties) and complicated fabrication. [ 22–28 ]  The metamorphosis of 
thermal signature has been verifi ed in both time-dependent 
and temperature-dependent cases, which demonstrate good 
camoufl age performance in thermotics. It should be pointed 
out that the work presented has introduced a new dimension to 
the emerging fi eld of phononics: controlling and manipulating 
heat fl ow with phonons. [ 30 ]    

 Experimental Section 
 The bilayer camoufl age device are fabricated by drilling holes into 
a copper plate and fi lling them with PDMS. On the basis of an 
experimental optimization, we choose a square lattice of holes with 
lattice constant 1.6 mm and diameter 1.2 mm. The cross-sectional 
temperature profi le is captured with a Flir i60 infrared camera.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  

  Acknowledgements 
 This work was supported in part from the MINDEF-NUS JPP Grant 
R-263-000-A38-133 administered by National University of Singapore, in 
part from the National Science Foundation of China under Grant No. 
11304253, and in part from the Southwest University (SWU112035).   

Received:  September 4, 2013 
Revised:  October 26, 2013

Published online:   February 5, 2014 

Adv. Mater. 2014, 26, 1731–1734




