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ABSTRACT

Thermal camouflage devices, which can transfer the temperature field produced by the heat target on the object plane to pre-designed illusory temperature field on
the image plane, are designed by a block building approach. The building blocks are four basic thermal components, which are designed based on the 3D thermal-null
medium and can individually achieve the effects of thermal shifting, splitting, compression, and deforming. 3D thermal-null medium, which performs as a good
‘thermal fiber’ and can achieve directional heat conduction along its main axis, is designed and fabricated by placing specifically oriented copper-air arrays in
polyurethane plates. The proposed method provides a simple way to design thermal camouflage devices, which can simultaneously camouflage the position, quantity,
size and shape of the heat target by choosing/combining different basic thermal components. All designed thermal camouflage devices of different functions can be
realized by different oriented copper-air arrays in polyurethane plates. Both numerical simulations and experimental measurements verify the performance of the
designed thermal camouflage devices, which may have applications on thermal image processing and thermal illusion.

1. Introduction

In nature, an important skill of animals is to avoid predators through
various camouflage, such as color changeable properties [1], dynamic
body patterns [2], and adaptive optical/sonic transparency [3]. Inspired
by biological camouflages, humans have invented many camouflage
techniques, such as optical Janus effect [4], bionic adaptive robots [5],
and radar deception technology [6-9]. Thermal camouflage device
(TCD) can camouflage the real thermal characteristics of the heat target,
such as size, shape, position, and quantity, for the IR camera [10-20]. In
recent years, many TCDs of various novel thermal control functions,
such as thermal cloaks [21-23], thermal diodes [24], thermal coding
[25], thermal encryption printing [26], thermal memory [27], thermal
inversion [28], uniform heater [29], and thermal concentration [30],
have been designed by transformation thermotics (TT) [31-33], which is
a powerful designing method developed from transformation optics
[34-40]. However, most current TCDs can only produce various
in-plane thermal illusions (i.e., manipulating heat flow and temperature
field distribution within 2D flat surfaces), which cannot be used directly
to create out-of-plane thermal camouflages (i.e., transforming the tem-
perature field distribution from one surface to another surface in
accordance with a pre-designed distribution). In addition, the required
material parameters of TCDs designed by TT are different for achieving
different thermal camouflages and usually inhomogeneous anisotropic,

which need to be derived from a lot of mathematical calculations.
Therefore, there is still a lack of study to design TCD that can achieve
various out-of-plane thermal camouflages with simple/realizable ma-
terial parameters by a simpler design process.

Based on the directional heat transfer properties of thermal-null
medium (TNM) [41,42], which is a derived from TT by an extreme
spatial stretching transformation, a graphical design method can be used
to design in-plane thermal devices [41]. The TNM is a highly anisotropic
medium whose thermal conductivity is extremely large along its main
axis and close to zero in other directions, which performs as an ideal
‘thermal fiber’ that can perfectly project the temperature field distri-
bution along its main axis. In previous studies, 2D TNM has been real-
ized (e.g., layered copper and expanded polystyrene [41,42] or
copper/aluminum-air multi-layer structure [44,45]) to achieve
in-plane thermal controls, such as thermal buffering [42] and thermal
concentration [44]. However, there is still little research on 3D TNM and
its implementation method. In this study, the 3D TNM is designed and
realized by placing arrays of specifically oriented copper rods and air in
polyurethane plates, whose main axis consists with the orientation of the
copper rods. Based on the directional thermal projecting feature of the
designed 3D TNM, some basic thermal components are designed first,
which can separately realize thermal shifting, thermal splitting, thermal
compression and thermal deforming. Furthermore, a series of TCDs,
which can achieve various pre-designed out-of-plane thermal

Abbreviations: TT, transformation thermotics; TNM, thermal-null medium; TCD, Thermal camouflage device; PCT, positive temperature coefficient.
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camouflages, are designed by combining/assembling the proposed basic
thermal components.

As shown in Fig. la, the IR camera can observe the real thermal
characteristics (i.e., temperature field distribution) of the heat target
(the red sun) behind the ordinary cubic wall without using TCD. If the
ordinary cubic wall is replaced by the designed TCD (Fig. 1b), which can
camouflage the size, shape, position and quantity of the heat target by
selecting combinations of basic thermal components with different
functions, the IR camera cannot observe the real thermal characteristics
of the heat target and can only obtained the pre-designed camouflaged
thermal images. Unlike previous TCDs that can only produce in-plane
thermal camouflages, the object plane and the image plane of the
designed TCD are not in the same plane (i.e., out-of-plane thermal
camouflages).

Compared with TT, the design method proposed in this study is a
block building method, which only needs to select and combine basic
thermal components of different functions without any coordinate
transformations and tensor calculations. In addition, all out-plane TCDs
with different functions can be realized by using a same material, i.e.,
the designed 3D TNM, which can be realized by placing copper rod-air
arrays with different orientation angles and filling factors in poly-
urethane plates.

2. Methods and results
2.1. 3D TNM by copper-air arrays in polyurethane plates

Based on directional thermal conducting capability of TNM, a series
of thermal devices, such as thermal cloaks, thermal rotators, and ther-
mal concentrators, can be designed by a graphical way, i.e., designing
the shapes of the object/image surfaces and the orientation of the TNM’s
main axis filled between them [41]. The ideal TNM, whose thermal
conductivity tends to infinity along its main axis and zero in other di-
rections, can produce perfect directional projection of heat flows and
perform as a perfect ‘thermal fiber’ [41-44]. For example, the thermal
conductivity of an ideal TNM whose main axis is along the x direction
can be expressed as [41-44]:

k=kodiag G,A,A) (€]

where A—0, k¢ is a constant (e.g., the thermal conductivity of back-
ground), and diag represents a diagonal matrix. Although the ideal TNM
is almost impossible to realize, there are many studies showing that the
simplified TNM with large thermal conductivity along the main axis and
small thermal conductivities in the other directions can still generate a
good directional heat guidance effect (e.g., 0 < A < 1 in equation (1))
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[41-44]. For example, the simplified 2D TNM can be approximately
realized by layered copper and expanded polystyrene in thermal epoxy
background [41,42], which has been successfully used to design 2D
in-plane thermal devices. In the present work, simplified 3D TNM is
designed by placing specifically oriented copper-air arrays in poly-
urethane plates (see Fig. 2a) based on the effective medium theory [46,
471, whose main axis consists with the orientation of the copper rods
(more analytical calculations can be found in Supplementary Material
Note 1). The designed 3D TNM performs as a reduced ‘thermal fiber’ (see
Fig. 2b), which can project the temperature field from the input surface
S; in Fig. 2c¢ to the output surface Sy in Fig. 2d along its main axis. Note
that the 3D TNM’s main axis (the orientations of copper rods in Fig. 2a)
can be designed to change with spatial position, which in turn leads to
novel thermal devices of special functions shown later.

In order to achieve the out-of-plane thermal camouflages in Fig. 1b,
four types of basic thermal components with different functions are
designed based on 3D TNM first. Later we will show how to combine
these basic thermal components by a block building approach to achieve
TCDs with various composite out-of-plane thermal camouflage
functions.

2.2. Basic thermal components

Thermal Shifter. The function of thermal shifter is to camouflage
the position characteristics of heat target by the 3D TMN with a fixed
main axis (see Fig. 3a and b). The geometrical size of thermal shifter (i.
e., length a, width b and height h) can be designed according to the
actual size of the heat target and the camouflaged distance d (i.e., the
shift between the position of the heat target on the object plane and the
position of the camouflaged thermal image on the image plane along the
x and/or y directions).

According to the directional guiding property of 3D TNM for heat
flow, the temperature field distribution on the object plane is projected
along the main axis of the 3D TNM (see Fig. 3b) onto the image plane,
and then a camouflaged temperature field distribution is created on the
image plane where the position of the camouflaged thermal image is
shifted by a pre-designed camouflaged distance d. The camouflaged
distance d can be designed by choosing suitable height of the thermal
shifter h and 3D TNM’s main axis angle ¢ (also the angle between copper
rods and z-axis):

d = h-tan 2)

As a specific example, a thermal shifter (a=0.2m,b=0.2m,h=0.1
m) with camouflaged distance d = 7.5 cm is designed by placing copper
rods with fixed orientation in polyurethane plates (the orientation angle
to z-axis is fixed at @ = 37°), whose performance is verified by numerical

Fig. 1. Out of plane observation contrast diagram
without or with TCD. (a) Schematic diagram of
' * observing the heat target behind the wall by IR
camera without the TCD. When the sun-shaped heat
( target behind the ordinary wall without the TCD, the
real thermal characteristics of the heat target can be
observed through the IR camera without distortion (i.
e., no thermal camouflage effect). (b) Schematic dia-
gram of observing the heat target behind the TCD by
IR camera. When the sun-shaped heat target is behind
the TCD, the faked thermal characteristics (e.g., po-
sition, quantity, size, and shape) of the heat target
will be created on the image plane of the TCD, and
then the camouflaged thermal image is observed
through the IR camera.

Image plane

Object plane
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simulation in Fig. 3c. As shown in Fig. 3c, the camouflaged temperature
field distribution on the image plane is the same as translating the
temperature field distribution on the object plane by the pre-designed
camouflaged distance d = 7.5 cm along the x direction, which verifies
the expected thermal shifting effect. The thermal shifter can produce a
camouflaged thermal image with the same thermal characteristics of the
real heat target except that the spatial location is different from the real
heat target.
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Fig. 2. Schematic diagram and simulated tempera-
360 ture field distributions of 3D TNM. (a) Schematic di-
agram of 3D TNM by placing specifically oriented
340 copper-air arrays in polyurethane plates. The copper
rods (colored red) and air (colored gray) with volume
ratio 1:1 form a basic unit broad, which is then
300 staggered with polyurethane boards (colored yellow)
with a filling factor 1:1 to perform as simplified 3D
280 TNM. (b)-(d) the simulated temperature field distri-
butions inside the whole 3D TNM (b), at the input
260  gsurface S; (c), and at the output surface S, (d) when
an annular heat source is distributed on the input
surface of the designed 3D TNM. Other numerical
220 settings can be found in Supplementary Material Note
2. (For interpretation of the references to color in this
200 figure legend, the reader is referred to the Web
version of this article.)

240

180

Fig. 3. The schematic diagram, structural schematics
and temperature field distributions by numerical
simulations for four basic thermal components. The
schematic diagram of out-of-plane thermal camou-
flages for four basic thermal components: (a) thermal
370 shifter, (d) thermal splitter, (g) thermal compressor,
and (j) thermal deformer. To clearly contrast the
camouflaged thermal image on the image plane with
360 the original heat target on the object plane, the black
dashed square on the image plane is introduced to
indicate relative position and size of the heat target.
350 The structural schematics of the basic thermal com-
ponents by placing specifically oriented copper rods
(colored red) and air (colored gray) to form a basic

L1340 unit broad and then being staggered with poly-
urethane boards (colored yellow): (b) thermal shifter,
(e) thermal splitter, (h) thermal compressor, and (k)
N l 330 thermal deformer. The temperature field distributions

by numerical simulations for four basic thermal
components: (c) thermal shifter, (f) thermal splitter,
320 (i) thermal compressor, and (1) thermal deformer.
Details on numerical settings can be found in Sup-
plementary Material Note 2. (For interpretation of the
310 references to color in this figure legend, the reader is
referred to the Web version of this article.)

300

Thermal Splitter. The function of thermal splitter is to camouflage
quantity characteristics of heat target by the designed 3D TNM. As
shown in Fig. 3d, thermal splitter can split the heat flow generated by a
single heat target on the object plane into two parts, and consequently
creating two new camouflaged thermal images on the image plane. The
thermal splitter can be designed by using two thermal shifters with
opposite shifting directions (i.e., copper rods with different orientations
6, and 67 in Fig. 3e). The geometrical size of thermal splitter (i.e., length
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a = a; + ap, width b and height h) can be designed according to the
actual size of the heat target and the separation distance D, which is the
distance between two new camouflaged thermal images on the image
plane.

If a heat target is located at the center on the object plane of the
thermal splitter, the temperature field distribution on the object plane
will be guided by two 3D TNMs along the two divergent directions onto
the image plane, and then a camouflaged temperature field distribution
is formed on the image plane where two new camouflaged thermal
images are created with a pre-designed separation distance D. The
separation distance D can be designed by choosing suitable height of the
thermal shifter h and the angles between copper rods and z-axis of two
thermal shifters (¢; and 6, in Fig. 3e):

D=d, +d,
d; = h-tanf, 3)
dz = h~tan92

As a specific example, a thermal splitter (a; =a; =0.1m,b=0.2m,
h = 0.1 m) with separation distance D = 15 cm is designed by placing
copper rods with fixed orientation angles ¢; = 62 = 37° in polyurethane
plates, whose performance is verified by numerical simulation in Fig. 3f.
As shown in Fig. 3f, the real heat target on the object plane is split into
two parts by the pre-designed distance d; = d = 7.5 cm along the x
direction, and creates two new camouflaged thermal images with sep-
aration distance D = 15 cm on the image plane. Note that the positions of
two new camouflaged thermal images can be separately designed and do
not need to be symmetrical (i.e., §; = 05 is not a necessary condition).

Thermal Compressor. The function of thermal compressor is to
camouflage the size characteristics of heat target. As shown in Fig. 3g,
thermal compressor can compress the temperature field distribution by
the heat target on the object plane, and create a camouflaged temper-
ature field distribution on the image plane that is the same as the tem-
perature field produced by a camouflaged thermal image whose size are
smaller than the heat target. The geometrical size of thermal compressor
(i.e., length a, width b, and height h) can be designed according to the
scaling ratio M = h;/(hy + h), which also determines the ratio of the
camouflaged thermal image’s size to the heat target’s size.

As a specific example, a thermal compressor (a =0.2m,b=0.2m, h
= 0.1 m, h; = 0.02 m) is designed by using copper rods with gradual
orientations in polyurethane plates, whose orientation angles are along
the radial direction in the spherical coordinate system (the origin of the
spherical coordinate system O is the point h; above the center of the
image plane in Fig. 3h). The performance of the thermal compressor is
verified by numerical simulation in Fig. 3i, which shows that the tem-
perature field distribution on the image plane is a compressed map of the
temperature field distribution on the object plane, and therefore the
outside observers will see a camouflaged thermal image with a reduced
size. The thermal compressor can produce a shrunken thermal image
with the same thermal characteristics of the real heat target except that
the size is the compression of the real heat target.

Thermal Deformer. The function of thermal deformer is to cam-
ouflage the shape characteristics of heat target (see Fig. 3j), which can
be realized by adding a modification layer on top of the thermal
compressor (see Fig. 3k). The 3D TNM inside the lower structure of the
thermal deformer is the same as a thermal compressor with length a,
width b and height (h-t;-t;), where the orientation angles of copper rods
are along the radial direction in the spherical coordinate system whose
origin O is h; above the center of the image plane. The upper modifi-
cation layer of the thermal deformer consists of two parts: the isolation
layer and the deformation layer. The isolation layer (colored orange in
Fig. 3k) is a polyurethane plate of thickness t; with a hole in its center,
whose function is to prevent the interaction between the camouflaged
thermal image on the image plane and the heat target on the object
plane. If the thickness of the isolation layer is too thin (e.g., t; < 0.01h),
the camouflaged thermal image on the image plane will in turn affect the
temperature field distribution on the object plane (see Supplementary
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Material Note 3 for the selection of the isolation layer’s thickness). The
material in the hole of the isolation layer is 3D TNM, whose main axes
are oriented as an extension of the thermal compressor below. The shape
and size of the hole are consistent with the heat target on the object
plane. The deformation layer (colored yellow in Fig. 3k) is a special
shaped copper sheet (e.g., the rosy star in Fig. 3k) embedded in a
polyurethane plate of thickness tp, whose function is to create the
camouflaged thermal image with pre-designed shape. The geometrical
shape of copper sheet, which determines the shape of the camouflaged
thermal image on the image plane, can be designed freely provided that
the its area is bigger than the area of the hole in the isolation layer.

As a specific example, the function of a thermal deformer (a = 0.2 m,
b=0.2m,h=0.1m, h; =0.02m, t; = 0.01 m, t; = 0.01 m, and the size
of the hole in the isolation layer is 10 x 10 x 10 mm?®) is verified by
numerical simulation in Fig. 31, which shows that the temperature field
distribution on the image plane looks like a camouflaged thermal image
whose shape is the same as the copper sheet in the deformation layer,
and no longer the same as the real heat target (a square aluminum
sheet).

2.3. TCDs by the combination of basic thermal components

TCDs, which can create various out-of-plane thermal camouflages (i.
e., simultaneously camouflage the thermal characteristics like location,
quantity, size, and shape of heat target as needed), can be achieved by
choosing and combining above designed four basic thermal components.
As an example, a TCD, which can transfer one square heat target on the
object plane to two star-shaped thermal images on the image plane, is
designed by combining one thermal splitter and two thermal deformers
(see Fig. 4a and b). The TCD in Fig. 4b can firstly split the temperature
field distribution on the object plane generated by one square heat target
into two parts through one thermal splitter (ay =az =b=0.2m, hy=0.1
m, and the orientation angles of copper rods to z-axis are chosen as §; =
62 = 45°) in the region II, and then reshape the temperature field dis-
tribution on the middle interface by two deformers (hg = 0.05 m, t; =
0.005 m, t; = 0.01 m, and orientation angles of copper rods are along the
radial directions in two spherical coordinate systems with origins O; and
O3, h; = 0.02 m above the image plane) in the region I, and finally
produce two star-shaped camouflaged thermal images with different
shapes and sizes from the heat target on the image plane (see numerical
result in Fig. 4c). The shape of the camouflaged thermal image can be
designed freely by choosing various copper sheets in the deformation
layer of the thermal deformer. Another example of TCD (all geometrical
dimensions are the same as in Fig. 4a, except that the shape of the copper
sheet in the deformation layer changes) is given in Fig. 4d—f, which can
transfer one square heat target to two Irregular polygonal camouflaged
thermal images.

Four basic thermal components with different individual functions (i.
e., thermal shifter for camouflaging position, thermal splitter for
camouflaging quantity, thermal compressor for camouflaging size, and
thermal deformer for camouflaging shape) can be used as ‘building
blocks’ in our design method. By a block building approach (i.e., freely
choosing/combining these four basic thermal components), TCDs with
different composite functions can be designed (See Supplementary
Material Note 4 for some other examples of TCDs).

Note that the combinations of thermal components in different or-
ders may influence the overall functionality of the camouflage device. If
the thermal camouflage devices in Fig. 4c are designed by a reverse
order (e.g., the first component is deformer, and the second component
is splitter), the camouflage devices cannot keep the same overall cam-
ouflage effects with some different field distributions on the image
planes (See Fig. S6 in Supplement Note 6).

In Fig. 4, the square heat sources are chosen as the heat target to
check the performance of the designed TCDs. If the heat target is chosen
as some other shapes (i.e., no longer the square heat source), the TCD
can still create the same pre-designed thermal camouflages (See
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Fig. 4. The schematic diagram, structural schematics and temperature field distributions by numerical simulations of out-of-plane thermal camouflages by TCDs. (a)
and (d) the schematic diagram of out-of-plane thermal camouflages by TCDs that can transform a square heat target on the object plane into two star-shaped images
(a) and two irregular polygonal images (d), respectively. To clearly contrast the camouflaged thermal image on the image plane with the original heat target on the
object plane, the black dashed square on the image plane is introduced to indicate relative position and size of the heat target. (b) and (e) the structural schematics of
the TCDs to realize the pre-designed thermal camouflages in (a) and (b), respectively. The copper rods, air, polyurethane boards, and copper sheet are indicated by
red, gray, yellow/orange, and rosy. (c) and (f) the temperature field distributions by numerical simulations for the TCDs in (a) and (b), respectively. The information
on numerical settings can be found in Supplementary Material Note 2. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

Fig. 5. Schematic diagram and photo of the sample
and heat target and Experimental setups of the pro-
posed scheme. (a) Schematic diagram of the sample
and heat target. (b) The photo of the sample and heat
target on the anti-vibration platform. (c) Schematic
diagram of the experimental setup. The PTC heating
plate (colored light blue) is powered by two wires
(colored blue and red) connected to an external
power supply. (For interpretation of the references to
color in this figure legend, the reader is referred to the
Web version of this article.)

Observation location Il Observation location |
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/ plates
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Supplement Note 7), which means the performance of the designed TCD
is independent of the shape of the heat target.

3. Experimental design and measurement results

Considering the ease of fabrication and the accuracy of processing,
we make a sample of the thermal shifter manually and design an
experiment to verify its out-of-plane thermal camouflage effect. The
schematic diagram of the fabricated sample is shown in Fig. 5a, where
copper rods with the cross-section (a; = 2 mm, b, = 2.82 mm) and length
h. = 141.4 mm were arranged in arrays with air spacing (a, = 2 mm, b,
= 2.82 mm) and then inserted into the polyurethane boards (a, = 200
mm, b, = 2.82 mm, and h, = 141.4 mm) to form a thermal shifter (see
the photos in Fig. 5b). Glue was used to bond the copper rods to poly-
urethane boards, which was also used to fix the heat target on the object
plane of the thermal shifter (more details on sample preparation can be
found in Supplementary Material Note 5). The heat target is a positive
temperature coefficient (PTC) heating plate (aptc = bpie = 30 mm, and
tore = 6 mm), which can provide a constant temperature of 366.48 K
under the condition of 220 V voltage supply.

The experimental setup is shown in Fig. 5c, where the whole
experimental setup is located in an airtight room to minimize the effect
of surrounding air convection, where the room temperature is kept at
293.15 K by air conditioning. The heat target (PTC heating plate) at the
center of the object plane reached a stable high temperature (366.48 K)
after about 22 min of power supply, and about 3-5 min later the tem-
perature field distribution on the object plane reached thermal steady
state. At this time, the temperature field distribution on the object plane
was recorded by IR camera (FOTRIC 288). Then, the sample was rotated
by 180° to record the temperature field distribution on the image plane
(more details of the measurement process can be found in Supplemen-
tary Material Note 5 and Supplementary Movie 1).

Supplementary data related to this article can be found online at
https://doi.org/10.1016/j.ijthermalsci.2022.107506

The measured results of the fabricated thermal shifter are shown in
Fig. 6¢ and d, which consist well with the corresponding simulated re-
sults in Fig. 6a and b and verify the thermal shifting effect of the
designed thermal shifter. To save materials and reduce fabrication time,
the actual samples were not made as wide as those used in the simula-
tions, so the presence of white areas (where the material is air) in Fig. 6¢
and d, which does not affect the verification of the thermal shifting
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performance. The thermal characteristics produced by the heat target on
the object plane can be guided by the thermal shifter in a pre-designed
manner (i.e., along the main axis of the 3D TNM, which is the direction
of the copper rods here), and then a shifted camouflaged thermal image
is created on the image plane as designed in advance. The temperature
field distribution on the image plane in Fig. 6d is like translating the
temperature field distribution on the object plane in Fig. 6¢ by the pre-
designed distance d = hetand = 0.1 m along the x direction, which
verifies the thermal shifter can camouflage the position characteristics
of heat target.

Since the power wires (i.e., red and blue lines in Fig. 5b) of the PTC
heating plate are copper wires with good thermal conductivity, there are
two thin lines around the heat source image in Fig. 6¢. Although the
geometry of the PTC heating plate is square, the temperature fields on
the object/image plane in both measurements and simulations diverge
in an elliptical shape (see Fig. 6). This is due to the fact that the cross
sections of copper rods on the object/image plane are rectangular rather
than square (there is a 45° cutting angle at both ends of each copper rod
during the fabrication; see Sample Preparation in Supplementary Ma-
terial Note 5), which in turn makes the thermal conductivity anisotropic
on the object/image plane. Some dots appear in the measured temper-
ature field distributions in Fig. 6¢ and d, which is due to the different
surface emissivity of copper and polyurethane (ecopper = 0.04 and
Epolyurethane = 0.945) [48,49]. Similarly, since the PTC heating plate is
made of aluminum, which has a low surface emissivity (€aluminum =
0.04) [48], this resulted in the measured middle temperature of the PTC
heating plate in Fig. 6¢ not being as high as in the simulation in Fig. 6a.

4. Conclusion

In this study, the simplified 3D TNM is designed and implemented by
placing specifically oriented copper-air arrays in polyurethane plates,
which performs as a good ‘thermal fiber’ for directional heat conduction.
With the help of the proposed 3D TNM, four basic thermal components
including thermal shifter, splitter, compressor and deformer are
designed in a graphical way, which can individually achieve out-of-
plane thermal camouflage effects on location, quantity, size, and
shape of the heat target. TCDs, which can simultaneously camouflage
the position, quantity, size, and shape of the heat target and create pre-
designed camouflaged thermal image, can be designed by combining
these basic thermal components in a block building approach. Compared

Fig. 6. The simulated temperature field distributions
and measured temperature field distributions on the
object plane and image plane of the designed thermal
shifter. (a) and (b) The simulated temperature field
360 distributions on the object plane and image plane of
the designed thermal shifter, respectively. (c) and (d)
The measured temperature field distributions on the
object plane and image plane of the fabricated ther-
mal shifter by IR camera, respectively. Numerical
settings in a and b (e.g., settings of the materials’
parameters and the temperature field distribution of
340 each boundary and heat source in this model) are
consistent with those in the experimental
environment.

350

330

320

310
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with previous TCDs designed by TT, the main innovations of this study
include: firstly, this study achieves an out-of-plane thermal camouflages
different from the in-plane thermal camouflages of previous studies.
Secondly, the design method proposed in this study is a block building
approach, which can be designed without coordinate transformations
and other mathematical calculations. Furthermore, all TCDs with
different functions designed by the proposed block building approach
can be implemented with the same materials (i.e., copper-air arrays in
polyurethane plates). Both simulation results and experimental mea-
surements verify the performance of our method, which provides a new
way to create out-of-plane thermal camouflages.
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