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as another one with different shape, loca-
tion, size, or makeup, which is called 
as thermal illusions.[1–6] Our mother 
nature offers countless animals, such 
as chameleons, stick insects, and some 
spiders, cuttlefish and octopuses, etc., 
which possess amazing color-changing 
capabilities to create optical/thermal illu-
sions to camouflage themselves against 
the environment for disguise, protection, 
hunting, or species reproduction.[7–9] 
Inspired by such illusion phenomena, 
man-made optical/thermal illusions 
have witnessed significant progress 
by resorting to artificially structured 
inhomogeneous metamaterials[10–27] or 
metasurfaces,[28,29] and the concept of 
illusion optics is proposed thereby.[30,31] 
Nevertheless, two long-standing chal-
lenges remain formidable. On the one 
hand, they usually rely on negative or 
less-than-unity (the parameter of back-
ground considered as the reference 
unity) parameters that are hard to realize 
in nature.[32–34] This issue is more chal-
lenging in thermal metamaterials since 
the nature forbids us to use negative 
thermal conductivities by the second law 

of thermodynamics, which is distinguished from its optical 
counterpart.[35–37] On the other hand, the traditional illu-
sion operation is to alter the presence of the original heat 
source into that of a virtual counterpart in a different form. 
However, the virtual form is usually still one-to-one map-
ping, and thereby the illusion heat source still exposes the 
location though its shape could differ from the original one. 
As shown in Figure 1a,b, the state-of-the-art thermal illusion 
techniques[1–3] only realize exactly the same exterior thermal 
signature as the reference (the red and blue curves overlap 
outside the device). Unfortunately, it is quite easy to locate the  
target with an infrared camera by searching the maximum 
temperature location inside the device, as shown in Figure 
1b. Typical examples can be found in refs. [1–3]. The cur-
rent illusion techniques could neither change the number of 
heat signatures nor realize both interior and exterior illusion 
simultaneously. Actually, neither the existing transformation 
thermotics nor transformation optics[38–44] have been reported 
to solve such two problems simultaneously yet. However, 
can we solve both problems stated in the Abstract in order 
to achieve interior and exterior illusions at one go with posi-
tive parameters throughout? If we can realize multiple heat 
signatures inside the device while maintaining the existing 
illusion performance outside, as shown in Figure 1c, the 
target (say an object or an individual) can realize the function 

“Fata Morgana” or “Mirage” phenomena have long been captivated as 
optical illusions, which actually relies on gradient-density air or vapor. 
Man-made optical illusions have witnessed significant progress by 
resorting to artificially structured metamaterials. Nevertheless, two 
long-standing challenges remain formidable: first, exotic parameters 
(negative or less than unity) become inevitable; second, the signature of 
original object is altered to that of a virtual counterpart. It is thus not able 
to address the holy grail of illusion per se, since a single virtual object 
still exposes the location. In this study, those problems are successfully 
addressed in a particular setup—illusion thermotics, which identically 
mimics the exterior thermal behavior of an equivalent reference and splits 
the interior original heat source into many virtual signatures. A general 
paradigm to design thermal illusion metadevices is proposed to manipu-
late thermal conduction, and empower robust simultaneous functions of 
moving, shaping, rotating, and splitting heat sources of arbitrary cross 
sections. The temperature profile inside the thermal metadevice can 
mislead the awareness of the real location, shape, size, and number of 
the actual heat sources. The present concept may trigger unprecedented 
development in other physical fields to realize multiple functionalized illu-
sions in optics, electromagnetics, etc.

Thermal Illusion

Optical illusions, which people may refer to Fata Morgana 
or Mirage, are visually perceived images but deceptive and 
misleading. The essence of such illusions is attributed to the 
inhomogeneous density of air molecules, resulting in varying 
refraction index in air during light propagation. Analogously, 
an object of arbitrary shape, location, size, and material 
properties can also be identified by an infrared (IR) camera 
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of “Multi-location” or “Multi-Shadow Clone Jutsu,” i.e., the 
target illusions appear to be located at multiple distinct 
places at the same time. If so, it becomes not straightforward 
to locate the original heat source among several illusion sig-
natures in Figure 1c and the deceptiveness will be enhanced 
greatly and unprecedentedly. This ultimate curiosity stimu-
lates us to explore and develop a general paradigm to design 
such thermal illusion metadevices in this study. Detailed 
design processes were introduced and validated theoretically 
and experimentally.

As shown in Figure 2, our goal is to split the original target 
(rectangular P1′Q1′Q4′P4′) in the real space (x′, y′) into two illu-
sion targets (rectangular P1Q1M1N1 and rectangular P4Q4M4N4) 
in the virtual space (x, y) with different shapes and orienta-
tions. The real space is divided into eight triangles denoted 

by numbers 1′ to 8′, and the corresponding triangle regions 
in the virtual space are denoted by numbers 1–8. The two illu-
sion targets in the right-hand space are rotated by θ1 and θ4 (for 
consistency with below context), respectively. According to the 
coordinate transformation relationship, each point (x, y) in each 
triangle region can then be mapped to new one (x′, y′) in the 
corresponding triangle by the following linear relationship as[3]
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where α, β, γ, μ, ν, and ε are the six undetermined coefficients, 
subscript index i (= 1–8) denotes the ith triangle section, and 
the superscript denotes the transformed space. Since we can 
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Figure 1. Schematic operation of illusion thermotics. a) Reference temperature. The signature shows a “red man” (the real heat source) at the center 
of the temperature field without an illusion device. b) Current practice of exterior illusion. In a conventional illusion device, the “red man” is expected 
to move to the location of the “blue man” (the virtual heat source) while maintaining the exterior temperature (red line and blue line overlap). From the 
exterior temperature, one may not be aware of the interior action of moving, which is the desired consequence for conventional illusion device. However, 
we may still observe the maximum temperature is at the “red man” and locate the target (maximum temperature) from the temperature field. c) Exterior 
illusion cum interior splitting. The “red man” is split into four and located at four different places while the exterior temperature is still maintained simul-
taneously (red line and blue line overlap). It then becomes difficult to locate the real target from the temperature curve compared with (b). The interior 
temperature will mislead us to locate the real target in terms of location, shape, rotation, and number. The shadow area denotes the device region.
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design the coordinates of the original and the moved targets, the 
six coefficients of each triangle can be easily obtained by sub-
stituting the three vertexes of each triangle into Equation (1), 
respectively. Note that Figure 2 just illustrates the transforma-
tion in the right-hand space of x-axis, and we can also extend it 
to the whole space as desired.

On the other hand, according to the Fourier’s law of heat 
conduction, the heat flux in the ith direction (qi) under a given 
temperature gradient in the j th direction (∇Tj) can be expressed 

as qi = −κij∇Tj, where ij
xx xy

yx yy
κ

κ κ
κ κ=



















  is the second-order 

thermal conductivity tensor of the materials. Based on the prin-
ciple of the transformation thermotics, the Fourier equation 
maintains form invariant after coordinate transformation. In 
return, an adjustment arises on the thermal conductivity tensor 
from the virtual space (x, y) to the real space (x′, y′), which can 
be expressed as[22,44,45]
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where κ0 is the homogeneous thermal conductivity in the vir-
tual space and Ji is the Jacobian matrix of the coordinate trans-

formation in ith triangle, as 
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is the transpose matrix of Ji. After substituting all the coeffi-
cients of each linear mapping relationship into Equation (2), we 
can obtain the required thermal conductivity tensor in the real 
space for each triangle region. To validate our general design 
method, we present four designs in series, i.e., (1) a symmet-
rical rectangular case with experimental verification, (2) two 
asymmetrical cases, and (3) a general case with arbitrary cross 
section.

In the first validation, both the original rectangular target 
and the split illusion ones are symmetric to the x and y-axes. 

The dimensions of the original target are 10 × 10 mm2, and that 
of the illusion targets are 30 × 5 mm2 (PmQm × PmNm), where 
the subscript m (= 1, 2, 3, 4) denotes the four quadrants in the 
x–y plane. The rotation angles θm of the four illusion targets are 
the same as 5° with respect to the x-axis. The dimensions of the 
illusion device are 120 × 100 mm2. The coordinates of points 
Pm are (25, 20), (−25, 20), (−25, −20), and (25, −20) mm, respec-
tively. In the experiments, we fabricated two prototypes by a 
200 × 160 mm2 copper plate with uniformly filled holes with 
radius r = 1.5 mm and pitch p = 5 mm. Therefore the effective 
thermal conductivity of the background plate can be calculated 
as κ0 = (1 − πr2/p2)κCu, which is designed to be consistent with 
the reference thermal conductivity in the illusion device region 
as shown in Table 1. The required thermal conductivity κ′ for 
each triangle region can be calculated according to Equation (2), 
and those in the first quadrant are listed in Table 1. These 
thermal conductivity tensors are all symmetric matrix, i.e., 

satisfying T xx xy

xy yy
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κ κ
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and the rotation angle θ of the matrix is θ = 0.5 tan−1[2κ  ′xy/ 
( xx yyκ κ′ − ′ )].[24,44] Further, we can apply the effective medium 

theory to realize 
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  by two rotated layered isotropic 

materials A and B. The thermal conductivity of materials A and 
B can be calculated as A,B

2
x x x yκ κ κ κ κ= ′ ± ′ − ′ ′  if the layer thick-

ness is uniform.[20,24] The specific material details in the first 
quadrant are listed in Table 1 as well and those in other quad-
rants can be easily obtained due to the symmetry.

With κ′ or κA and κB, we can realize the desired thermal illu-
sion in theory, but sometimes it is difficult to find/fabricate 
such materials. To solve this, we drilled copper plates in device 
region with paralleled stripes/holes with corresponding orien-
tations by laser carving process on a CNC machine, as shown 
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Figure 2. Schematic of the coordinate transformation for rectangular targets.
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in Figure 3a–c. The strips/holes are filled with low-κ materials 
to realize the required anisotropic thermal characteristics equiv-

alently. The effective thermal conductivity tensor is x

y

0
0
κ

κ
′

′








,  

where the diagonal components xκ ′  = fκf + (1 − f    )κCu and yκ ′ = 
(f/κf + (1 − f)/κCu)−1 with f being the filling ratio of the stripes/
holes and κf the thermal conductivity of the filling materials. By 
making the calculated thermal conductivity tensors equivalent 
to the experimental filling ones, we obtained the filling ratio f 
and the filling materials κf of the illusion devices at each tri-
angle, as listed in Table 1. The filling materials were synthe-
sized by mixing ≈6 μm hexagonal boron nitride (hBN) particles 
(AC-6041, Momentive) with epoxy and calibrated with Laser 
Flash Analyzer (LFA 467) according to the required κf. Due to 
the color of the epoxy-based mixture, the filled holes/stripes in 
the illusion device region look white, whose orientation and 
filling materials are consistent with θ and κf, and the thick-
ness of the stripes/holes is determined by the filling ratio f. An 
IR camera (FLIR SC620) was used to observe the distribution 
of temperature fields and the emissivity was set as 0.98. The 
ambient temperature was 25 °C. Besides experiments, we also 
did finite-element simulations for the devices with the same 
dimensions, materials, and boundary conditions as the experi-
ments except for the neglecting of air convection. For compar-
ison, the illusion temperature with four illusion heat sources 
was also measured and simulated.

The experimental and simulated temperature fields of the 
first validation are shown in Figure 3d–i. The temperature 
curves along the large dashed circle in Figure 3h,i with radius 
of 80 mm are shown in Figure 3j. The red curve overlaps with 
the blue one well, which implies excellent exterior illusion. 
The exterior illusion could also be observed when comparing 
the two temperature fields with the device and of the illusion 
in both simulations and experiments. It is seen that the tem-
perature contours are similar to each other outside the device 
region, which is the exact outcome of exterior thermal illusion 
that we cannot detect what is happening inside the device from 
the outside. The temperature curves along the small dashed cir-
cles in Figure 3h,i with constant radius of 30 mm are shown in 
Figure 3k. The four local temperature peaks along the red curve 
indicate that, except for the original heat source in the center, 

four additional illusion heat sources emerge within the illu-
sion devices, just like the four peaks along the blue curve cor-
responding to four separated illusion heat sources in Figure 3i.  
It seems as if the real heat source is split into four at different 
locations simultaneously. Together with the original heat 
source, the “five” heat sources will increase the deceptiveness. 
Therefore, judging from the temperature fields in the IR vision, 
the exterior temperature cannot tell us what is happening 
inside, and the interior temperature may lead us to wrongly 
assume that the heat sources are located at somewhere away 
from the original one and the number of heat sources is 4 rather 
than 1 in the center. By such “interior splitting + exterior illu-
sion,” both the interior and exterior temperature will confuse 
us, which enhances the deceptiveness greatly and is the pre-
dominant advantage over the previous thermal illusions. From 
Figure 3, it is validated that (1) the target is moved to some-
where else off its original location; (2) the shape of the target 
is changed; (3) the target is rotated by a predesigned angle; and 
(4) the one target is split into four. Experimental results also 
show the “inner splitting + exterior illusion,” which may be not 
as perfect as those in the simulations since the thermal conduc-
tivity of the fabricated devices is not as anisotropic as those in 
theory and the natural convection is ignored in the simulation. 
From Figure 3, we can see that the outside temperature pro-
files are the same/similar, and the real heat source is split into 
multiple illusions inside the device. Since we only realize inner 
splitting rather than inner camouflage, the temperature profile 
discrepancy between Figure 3d,f inside the device or between 
the red and blue curves in Figure 3k can be attributed to the 
fact that we do not really move/split heat source, but only create 
split illusions. Thus the only heat source is still located in the 
center, and heat is conducted from the center to the ambient. 
Though we do not change the diffusive nature of heat conduc-
tion, which gives rise to the continuous temperature gradient 
between the real heat source and the illusion ones, the tem-
perature of the split illusions can be as equivalent/close as that 
of the real heat source by present illusion thermotics. Such 
limitations may be removed by the counterpart physical fields, 
like optics. While in the reference experiment, there are four 
separated heat sources, thus we can observe four obvious hot 
spots in Figure 3f,i. Even though, we can still observe the split 
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Table 1. Material details of each triangle in the first quadrant.

Region 1′ 2′ 3′ 4′

κ′/κ0






0.176 0.695
0.695 8.420







2.628 1.822
1.822 1.643







7.352 2.428
2.428 0.938







11.756 3.769
3.769 1.294

κ
κ

′
′









0
0
x

y
/κ0







8.479 0
0 0.118







4.023 0
0 0.249







8.167 0
0 0.122







12.973 0
0 0.077

κA/κ0 16.9 7.92 16.27 25.91

κB/κ0 0.06 0.13 0.06 0.04

Θ 85.21° 37.44° 18.57° 17.89°

F 44% 74% 46% 14%

κf
a) 1.37 4.92 1.49 0.28

a)Unit: W m−1 K−1.
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illusions in Figure 3g,h,k. Such improvement not only verifies 
the shortage of the conventional design but also enhances the 
deceptiveness in the present design. The proposed device iden-
tically mimics the exterior thermal behavior of an equivalent 
reference and splits the interior original heat source into many 
virtual signatures, which will mislead the awareness of the real 

location, shape, and number of the actual heat sources. More-
over, the target can also be split into two, three, four, or even 
more with small modifications to the present design method. 
For instance, when two of the split sub-sources contact/overlap 
with each other, the original heat source seems to be split into 
two or three (see Figure 4a). The current splitting of space is 
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Figure 3. a,b) Two experimental prototypes and c) reference one. The red rectangles denote the heat source and the yellow dashed rectangles denote 
the region of the illusion devices. Experimental temperature fields of: d,e) the two prototypes and f) the referenced one. g) Simulated temperature fields 
with homogeneous layered structures of κA and κB. Simulated temperature fields with illusion device with: h) inhomogeneous κ′ and i) the reference 
one. j) Temperature curves along the large dashed circle in (h) and (i) with constant distance away from the heat source of 80 mm. Good agreement 
of the two curves implies excellent “exterior illusion.” k) Temperature curves along the small dashed circle in (h) and (i) with constant distance of 
30 mm. Four local temperature peaks indicate four splitting illusion/equivalent heat sources. Clear “interior splitting + exterior illusion” performances 
are observed.
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orthogonal/polygonal, while it can also be extended into radial 
one with multiple triangle-shape or sensu-shape sub-regions, 
then the flexibility and applicability will be greatly enhanced. 
Further, we may extend the present 2D design into 3D case 
with more degrees of freedom. Figure 3 is the exact expectation 
of our design and the thermal illusion is achieved satisfyingly 
with increased deceptiveness.

In the second and the third validation, the illusion targets 
are asymmetric to the x-axis. In the second one, the coordinates 
for points P1 and P4 are (25, 20) mm and (35, −10) mm, respec-
tively. The dimensions for the two rectangular illusion targets 
are 30 × 5 mm2 (P1Q1 × P1N1) and 20 × 5 mm2 (P4Q4 × P4N4). 
The rotation angles θ1 and θ4 are 5° and 45°, respectively. In 
the third validation, as shown in Figure 5, the original target is 

an arbitrary triangle with coordinates of P1′(0, 6), Q1′(6, 4), and 
Q4′(0, −8) mm, respectively. The illusion targets are arbitrary 
convex quadrangles with coordinates of P1(30, 20), Q1(55, 20), 
M1(58, 18), N1(32, 10), P4(35, −15), Q4(50, −17), M4(55, −14), and 
N4(40, −12) mm, respectively. Other parameters are maintained 
the same. The simulated temperature fields of the second and 
third validations are shown in Figure 4b,c. It is seen that since 
the illusion targets are asymmetric, the temperature profile in 
each case is not symmetric accordingly. Nevertheless, the device 
can still split the original heat source into multiple asymmetric 
illusions at different locations. The temperature fields with the 
device and the illusion show similar exterior temperature con-
tours and multiple-location illusion heat sources inside. Here 
we do not repeat the similar discussion as those about Figure 3 

Figure 4. Temperature profile with the illusion device and illusion temperature for: a) asymmetrical case with three illusions, b) asymmetrical rectangular 
targets, and c) arbitrary targets. Clear “interior splitting + exterior illusion” performances are observed in all the cases.

Figure 5. Schematic for the coordinate transformation for arbitrary targets.
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as a similar “interior splitting + exterior illusion” function of the 
asymmetric design is also achieved, which substantially proves 
that our design method can be applied for asymmetric cases 
and arbitrary cross-section targets satisfyingly as well. What is 
more, the original target is a triangle in Figure 4c, yet with their 
four illusions being quadrangles, which implies that the vertex 
number of illusions can be adjusted and the present method is 
flexible for arbitrary polygonal illusion.

In summary, we propose a general paradigm to design illu-
sion devices to manipulate heat conduction and empower 
robust simultaneous function of moving, shaping, rotating, 
and splitting targets with arbitrary cross section. Based on the 
paradigm, symmetric, asymmetric, and arbitrary cross section 
cases are presented theoretically and experimentally, demon-
strating the outcome that the interior region of the original 
heat source is thereby split and camouflaged, while the exte-
rior thermal signature is remained the same as the reference. 
The original heat source can be hidden among several illu-
sion heat sources, and such interesting function is somewhat 
similar to the Multi-location ability in the fairy tales or fictions. 
Such “interior splitting + exterior illusion” effect can mislead 
the awareness of the right location, shape, and number of the 
actual heat sources, enhancing the deceptiveness greatly in an 
unprecedented manner. We achieve a very high-caliber illusion 
thermotics, even in the environment where negative param-
eters (conductivity) are not present. The present method and 
devices may open avenues for the flexible design, feasible fabri-
cation, and practical application of thermal illusion and thermal 
camouflage. It is true that heat is diffusive from the real heat 
source to the surroundings, thus we cannot really change the 
number and location of maxima in the temperature field, but 
we can realize the temperature of the illusion heat sources as 
equivalent/close as the real heat source, which seems as if the 
real heat source is split and multi-located at different places at 
the same time. The present concept can trigger unprecedented 
development in other physical fields to realize multiple func-
tionalized illusions in optics, electromagnetics, acoustics, 
mechanics, etc.

Experimental Section
According to the theoretical designs, a 200 × 160 mm2 copper plate 
was drilled on with uniform holes with radius r = 1.5 mm and pitch 
p = 5 mm outside the rectangular illusion region, and predesigned 
rectangular stripes/holes were drilled inside the illusion region. The 
size of the rectangular stripes/holes was determined by the calculated 
filling ratio f and their orientations are θ, as shown in Table 1. Note 
that the information in Table 1 is just the first quadrant and those in 
other quadrants can be easily obtained with symmetry considerations. 
The copper plate possesses two 25 cm long feet perpendicular to the 
plate at the two ends for water bath. According to filling material κf in 
the rectangular hole in the illusion region, the hBN particles (AC-6041, 
Momentive) were mixed with epoxy matrix. The lateral size of the hBN 
particle is ≈6 μm, and the thickness is ≈0.1–0.5 μm. The in-plane and 
out-of-plane thermal conductivity is >300 and ≈3 Wm−1 K−1, respectively. 
After stirring the mixture for >20 min, the mixture was put in a vacuum 
pump to expel the air bubble for >2 h. The thermal conductivity of 
the mixture was measured and calibrated with a Laser Flash Analyzer 
(LFA 467) according to the required κf in each triangle of the illusion 
region. Then the front side of the copper plate was wrapped with a 
transparent adhesive tape and the reason for doing this is twofold. One 

is to help the filling process of the hBN–epoxy mixture, and the other 
is to maintain the same emissivity throughout the infrared imaging. 
The copper plate was put upside down on an electrical heater and the 
rectangular hole was filled in the illusion region with corresponding 
mixtures. The circular holes were not filled and remained empty. After 
filling, the mixture was cured for 2 h on the electrical heater at 80 °C. 
Then two water-bath containers were prepared at the two sides of the 
copper plate. The size of the container was 40 cm long, 30 cm wide, 
and 30 cm high. The container was first filled with room-temperature 
water for 1/3 volume and then enough ice was added to 2/3 volume. 
A mercurial thermometer was used to measure the water temperature. 
If the water temperature was above zero, some ice was added in time 
to maintain the water temperature at 0 °C. An IR camera (FLIR SC620) 
was used to observe the temperature fields and the emissivity was set as 
0.98 with calibration by thermocouple. The distance between the copper 
plate and the IR camera was ≈0.7 m, and the camera was finely zoomed 
to make the image clear. Two kinds of ceramic heaters were used in the 
experiments and set at the back side of the copper plate: a square-shape 
one with a dimension of 10 × 10 mm2 was used to heat up the proposed 
device and a rectangular one with a dimension of 30 × 5 mm2 was 
used in the reference experiment. The copper plates were maintained 
horizontally and the left and right feet were immersed in the mixture of 
ice and water. The room temperature was kept at 25 °C.
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