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The existing challenges in designing infrared illusion are related to complex working environments,
multifold heat-transfer modes, and fabrication difficulties. Recent research focuses mainly on solving one
of these challenges. In this work, we consider them synthetically and propose a class of restructurable
metasurfaces to show both illusion viewed in infrared light and similarity in when viewed in visible
light. We consider the three basic modes of heat transfer (omnithermotics) in theoretical designs and
use radiation-cavity effects in experimental manufacture. We also make it feasible to tune the surface
temperature and emissivity synergistically. Besides, such metasurfaces can work in temperature-varying
backgrounds and transient states. This scheme may not only provide a platform for the design of adaptable

thermal illusion but may also show robustness under multifrequency detection.
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I. INTRODUCTION

The temperature signals of macroscopic objects can be
observed by infrared imaging because all objects with
nonzero temperatures emit electromagnetic energy, which
is known as thermal radiation [1-3]. The Wien law [4]
implies that within a large temperature range (1-1000 K),
the radiation-spectrum peak of an ideal black body is
located in the infrared region. This intrinsic property is
extensively applied in industry, military detection, and
daily life. Naturally, the technology of thermal illusion
[5-9] has attracted much attention due to its promising
prospects in illusion or camouflage; namely, misleading
or camouflaged thermal signals. The former (“illusion”)
means that an existing object exists in infrared imaging,
replacing another nonexisting object [5—7]. In contrast,
the latter (“camouflage”) means that the thermal infrared
pattern of an existing object blends into the background
as if the object does not exist [8,9]. Meanwhile, various
challenges arise accordingly in designing infrared illusion,
which result mainly from complex surroundings, multifold
heat-transfer modes, and fabrication difficulties.

Recent progress in infrared illusion focuses on two
ways: regulating surface temperatures 7Ty, and design-
ing surface emissivities &g, Which play two key roles
in infrared imaging. On one hand, with the booming
development of thermal metamaterials [10—17], temper-
ature distributions can be tailored at will with elaborate
microstructure designs. On this basis, thermal illusion
has been achieved within fixed or varying backgrounds.
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However, there are two weaknesses of this method in
existing studies: firstly, most of them are confined to con-
ductive systems [18-21], ignoring thermal convection and
radiation; secondly, the surface structures are still identi-
fiable from the background when viewed in visible light
[22—24], which makes them hard conceal under multiband
detection. On the other hand, tuning of emissivities can
disguise an actual object as a fake one in an infrared cam-
era. For self-adapting control, phase-change materials are
widely used [25-28]. But these materials are not com-
mon, and usually call for additional installations to input
a stimulus, adapting to changing circumstances (say, with
changing temperatures). Besides, if ambient temperatures
vary sharply or even out of the region of the phase-change
temperature, its illusion effect will become invalid. So both
of these methods of infrared illusion have some limitations.
Furthermore, these two tailoring methods are mutually
independent and scarcely coupled. This is due to the lack
of a practical and synergistic platform.

To overcome the limitations and promote the integra-
tion of tuning of Ty, and &g, in a single platform, we
design an omnithermal restructurable thermal metasurface
for infrared illusion; see Fig. 1. By tailoring each block unit
solely and assembling the blocks in a specific array, we can
achieve characteristic infrared patterns. We consider the
three modes of heat transfer, conduction, convection, and
radiation (omnithermotics), which affect surface tempera-
tures. With the radiation-cavity effect, say, the dependence
of the effective emissivity on the sizes, shapes, and pro-
portion of surface cavities, a specific emissivity can be
achieved on each unit within a wide temperature range.
Therefore, the surface temperature and emissivity can be
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FIG. 1.

The proposed thermal metasurface. The units are arranged in three arrays (array I, array I, and array III), which can form

three different images (specific gestures) in an infrared camera (right column). Meanwhile, they are similar when viewed in visible

light (middle column).

tailored synergistically on this single platform. The unit-
discretization operation in the x-y plane not only provides
flexibility in designing fake temperature signals (hence
yielding infrared illusion) but also makes different arrays
almost identical (thus causing similarity in visible light)
in spite of different properties (T, and &g,). As a result,
both illusion for viewing in infrared light and similarity
for viewing in visible light are achieved simultaneously, as
schematically shown in the middle and right columns in
Fig. 1.

II. THEORY

According to the Stefan-Boltzmann law [29], the total
thermal radiative energy density Iy, of a black body is
related to the fourth power of surface temperature Ty,,:

00 > he? 1
Iy = / upb (A, Tour) dr = / i Sc 7 dx
0 0

e
)" e)‘kBTSUl' _ 1

273k,

where A is the radiative wavelength and uyp (A, Tgy) 1S
the black-body spectral radiance, described by the Plank
law. Here, % is the Plank constant, ¢ is the velocity of
light in a vacuum, kg is the Boltzmann constant, and
o is the Stefan-Boltzmann constant. We consider the
case where an infrared camera captures the infrared sig-
nals of an object in a far field for identification, where

the spectral radiance actually received deviates from the
result described by Eq. (1). Spectral directional emissiv-
ity esur(A, Tour,0,¢) can describe this deviation, which
is defined as the spectral-radiance ratio of actual objects
to black bodies at temperature Ty,, wavelength A, and
direction angles 6 and ¢. But in most practical situations
without elaborate directed thermal emission, the diffuse-
emitter approximation is reasonable enough. So we can
simplify the surface emissivity to g (X, Tsyr). Then the
actual radiative energy density /,. can be written as
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As we are concerned with the total thermal radiative
energy instead of the spectral radiance, use of the full-
wavelength emissivity &g, (Ts) makes sense. It can be
defined as

1.
Ssur(Tsur) = ﬁ
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In addition to the fact that the intrinsic emissivity affects
thermal radiation, both the signal-collection range and
resolution of the infrared camera should also be consid-
ered. According to practical situation, the signal-collection
range (Aj, Ap) covers the main emission band. Then the
full-wavelength emissivity &g, (T5,) can be used in this
case. With use of Egs. (2) and (3), the reading temperature
Tread 18 given as [8]

A2
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where C is a built-in conversion parameter of the infrared
camera. Equation (4) indicates that two factors domi-
nate the infrared imaging; namely, the camera capac-
ity [C, (A1, A2)] and the surface properties (Tgyr, Esur)-
Here we focus on modulating the characteristic radia-
tive spectrum, which depends on the surface properties
(Tsurs €sur)- Within a limited surface-temperature region,
the full-wavelength emissivity &g, (Ts,) is regarded as
&sur, iIndependent of Ty, If the surface temperature varies

/i air

Jconv Jrad

T "1 sur
H,

l J cond

—] —
Iy
J, cond ~ J, conv+’]rad

Oblique view

sharply, the coupling relation between &g, and A should
considered. If the surface-temperature difference is large
enough between units, the coupling relation between &gy,
and T§,; should also be taken into consideration. Our strat-
egy for controllable infrared illusion consists in tuning
Teur and &g, individually and assembling them in any
specific way.

For the first step, we consider a three-dimensional bulk
as a unit, as illustrated in Fig. 2(a). We set its sides to be
thermally insulated and place a homothermal source at the
bottom. The heat flows in the bulk along the z axis and dis-
sipates into the surroundings from the top surface due to
convection and radiation. This process includes the three
basic modes of heat transfer. In the steady state, the tem-
perature of the top surface Ty, can be determined by the
law of conservation of heat flow:

Jcond = Jconv + Jrad, (5)

where Jcond, Jeonv, and Jng are the conductive-heat-
flow, convective-heat-flow and radiative-heat-flow density,
respectively. We set the unit’s height as H), and thermal
conductivity as x,. The convective coefficient and radia-
tive emissivity of the surface are /; and ¢, respectively.
The source and room temperatures are given as 7( and Ty,
respectively. We can write the expressions for Jcond, Jeonvs

J conv tﬁ J rad J conv Jrad
111
: > | sur
| or I”
J cond Jcond
J, cond >> Jconv+‘] rad J, cond <<J conv+‘]rad
A
b
L . v
< & >
Top view

FIG. 2. Different tuning methods. (a),(b) A cuboid as a block unit. Conductive flow is comparable with convective and radiative
flow in (a), but dramatically different in (b). (c) Assembly of the units, which form the whole metasurface.
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and J,q as

TO - Tsur

Jeond = K5V Tloulk = Kp 7 (6a)
Jeonv = Mo (Tsur — Thir)s (6b)
Jrad = €50 (Tge — Tg)
= 30 (Toyr + Toi) (Tour + Tair) (Teur — Tie)
= Rp(Tsur) (Tsur — Tair)s (6¢)

where Ry (T) = o (T gur + T iir)(T sur + Tair), representing
the radiative ability of the surface. Combining
Egs. (5)+6¢c), we can deduce the temperature of the top

surface Ty, as

kpTo/Hp + [hy + Ry (Tsur)] Tair
Tsur = : (7)

kp/Hp + hy + Ry (Tour)

Here we obtain the general solution of the top-surface
temperature of a unit. To obtain the value of Ty, iter-
ation of R, (Ty,) should be performed with a calculator.
Compared with the method reported in Ref. [18] where
only kp is tuned, the present scheme has four free parame-
ters. They are «p, hp, €, and Hp, involving the three basic
modes of heat transfer. «; and H; play roles in controlling
conductive flow. &, and &, correspond to convective and
radiative flows, respectively. These four parameters can be
expressed as

o — Hb[hb(Tsur — Tyir) + SbO'(T?ur - T:ir)] (Sa)
b TO - Tsur ’

kp(To — Tour)

Hy, = ,  (8b)
hy(Tsur — Tair) + SbO’(T?ur - Tgir)

b — kp(To — Tsur)/Hb — &0 ( sur T:ir) (SC)
b= Tsur - Tair ’
T _Tsur Hy, —h Tsur_Tair

6 — kp(To )/ Hp — hi( ). 8d)

J(T‘gur - T:ir)
We can see if the surface temperature Ty, of each unit
is preset to create a specific infrared illusion, only three
of them are independent. Also, these four parameters can
be tuned arbitrarily and simultaneously to achieve the
designed T, of each unit. Thus, the tuning strategy is flex-
ible. We suppose that ¢, (equivalent to &g,) is uniform in
each unit and approximate it to that of a black body, and

then the reading temperature can be estimated by Eq. (4)
as
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where (x, y) refers to the central position of each unit.

Tuning ¢; plays a limited role in controlling Ty, due
to its maximum value of 1, especially in low-temperature
regions. However, when Ty, is nearly uniform in each unit
in some circumstances, tuning of the surface emissivity is
another effective method for creating an illusion because
€sur has a major impact beyond Ty, in Eq. (4). For exam-
ple, according to Eq. (7), if «; is much greater than 4, and
Rp(Tgur), Tour Will reach Tj. Inversely, it will reach Ty, as
shown in Fig. 2(b). Then tailoring of the emissivity is the
only way to create an infrared illusion in infrared imag-
ing. On the basis of Eq. (4), the reading temperature in this
case is

Treat (¥, 1) % Equ(¥, ) C/ o w
T X, ~ Esur (X, X
ead2 (X, J su Y A A3 ehc/)“kBTsur -1

R sur (X, ¥) Tsur. (10)

The final step is to assemble these units in a specific
array to create an infrared illusion in infrared imaging;
see Fig. 2(c). Each unit can be regarded as a pixel. The
fake surface temperature of each pixel should be distin-
guishable enough in infrared imaging so as to make the
illusion valid. Therefore, the contrast ratio should be larger
than the intrinsic resolution of the infrared camera under
any conditions. The contrast ratio of imaging is based
on the maximum and minimum values of the reading
temperature. We can define the contrast ratio C as

C= Tread|max - readlmin (11)

Tread |max + Treadlmin .

We have two ways for tailoring Tie,q. If the three modes of
heat transfer are comparable, tuning T, solely is enough.
According to Eq. (9), Eq. (11) can be written as

Tsur Imax

sur|min (12)

C = .
Tsurlmax + Tsur|min

Otherwise, tuning &g, is necessary to give a distinguishable
temperature distribution in the infrared camera. Substitut-
ing Eq. (10) into Eq. (11) yields the contrast ratio in this
case as

C, — Esurlmax — Esur|min (13)

gsurlmax + 8sur|min .

The contrast ratio is related to the ratio of the surface
temperature or the extremum difference of the effective

014008-4



OMNITHERMAL RESTRUCTURABLE METASURFACES...

PHYS. REV. APPLIED 14, 014008 (2020)

emissivity, representing an intrinsic character of a sort
of specifically designed thermal metasurface. The flexible
combination of units contributes to the reconfigurability
and does not affect the contrast ratio C. So, once we design
the units completely, the thermal metasurface will always
meet the resolution requirement of the detector.

III. NUMERICAL SIMULATIONS

We perform finite-element simulations with the com-
mercial software program COMSOL MULTIPHYSICS [30].
The simulations focus on tuning the temperature Ty,.. Here
we keep H}, fixed and tailor k3, A, and €5, so as not to break
the geometric construction of the metasurfaces. Firstly, the
metasurface is constituted with 15 x 30 units, as shown in

(@

Group I

Group II E

Group III

Group IV

Group V »

(b) Tuning conduction (7, = 350 K)

UDANIIR =g UDAN

(€) Tuning convection (T, =350K)

Fig. 2(c). They are cubes of 1-cm length. Then we clas-
sify the total 450 units into six groups, as demonstrated
in Fig. 3(a). Each group is designed independently so as
to obtain six patterns of 7,,. Here we expect to create an
illusion of “FUDAN.” When tuning «;, we keep 4, and
&p constant, and similarly for the other two parameters.
Then the six groups are assembled as shown in Fig. 3(a).
For simplification, we heat the entire lower surface with a
homothermal heat source 7, and keep the room tempera-
ture T;; at 300 K. The laterals of the surface are in thermal
contact with neighboring units to mimic the real situation.
Figures 3(b)-3(d), respectively, show the results of tun-
ing «p, hp, and g, at Ty = 350 K, while Figs. 3(e)-3(g)
show the results at 7, = 700 K. We can see that con-
vection and radiation play minor roles in low-temperature

(e) Tuning conduction (7}, = 700 K)

(f) Tuning convection (7, = 700 K)

S Sl OAN

(9) Tuning radiation (T, =700 K)

Oblique view Top view Oblique view Top view
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FIG. 3.

Simulation results for tuning temperature 7T,. (a) Six groups and arrays with the letters “FUDAN.” (b)~(g) Temperature
distributions with different tuning methods. 7 is set at 350 and 700 K. For tuning thermal conduction, «p is set as 0.5, 1, 2, 3, 4, and
5 Wm~! K~! for the six groups, while &, is SO0Wm™2K~! and &, is 1. For tuning thermal convection, A, is set at 5, 10, 20, 30, 40,
and SO0Wm~2K~!, while «, is 1 Wm~! K~! and ¢, is 1. For tuning thermal radiation, ¢ is set at 0.1, 0.2, 0.4, 0.6, 0.8, and 1, while «;
is IWm™'K~! and & is S0 Wm~2 K~!. (h)—~(j) Comparisons between theoretical values and simulation values of Ty, corresponding

to the data extracted from (b)—(g).
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surroundings. In particular, the effect of thermal radiation
is nearly indistinguishable. When T increases, the convec-
tion and radiation contribute to infrared patterns gradually.
We calculate the contrast ratio C with the simulation data at
350 and 700 K. It is 2.96% and 15.23%, respectively, when
we tune kp, and 0.20% and 2.28%, respectively, when we
tune &,. Tuning &, has multiplicative effects when compar-
ing with tuning «;, which confirms that radiation plays an
increasingly important role with increasing temperature.

It is proved that by tuning the three heat-transfer modes
individually, the expected patterns can be observed. Con-
vection and radiation dominate at low and high tem-
peratures, respectively, affecting the contrast ratio of the
pattern in the infrared camera. Figures 3(h)-3(j) show
comparisons of Ty, between theoretical data and simu-
lation results under the three tuning modes. They show
good agreement at low temperatures, and show a small
shift when the temperature is high. This is because thermal
interaction between different units starts to occur. More
heat exchange in the x-y plane has an impact on Ty,. In
extreme conditions (say, T, reaches Ty or Tpir), we have
to tune the effective emissivity.

IV. EXPERIMENTAL VERIFICATION

As shown in Fig. 3(d), tuning radiation with emissiv-
ity at low temperature has little effect on infrared illu-
sion. However, the engineered emissivities can impact

(@ %202 (b)
Temperature controller
0.8 cm \ :
1f cm l
- 4 Sasaaan

2cm

2 cm

the apparent-temperature distribution. Here we use the
surface-cavity effect [31,32] to modulate &g,. The cav-
ity structures on the surface result in the block having
higher radiant exitance. Hence, the apparent temperature
in infrared imaging will deviate from the actual tempera-
ture, forming an illusive pattern. We are now in the position
to design a surface-cavity structure. For simplification, we
use a cylindrical structure as it is easy to manufacture, as
demonstrated in Fig. 4(a). The heat transfer is between the
surface cavity and free space, in which the angle factor of
the cavity can be omitted. According to Ref. [31], the effec-
tive emissivity of an isolated cylindrical cavity ¢, depends
on its area ratio of the mouth and the intracavity, which can
be expressed as

B So (1 -
P e

where Sy and S} are the areas of the mouth and the inwall,
respectively, and &g, is the intrinsic surface emissivity.
Owing to the high thermal conductivities and regular shape
of the blocks, the surface temperature can be consid-
ered as a constant. The flat surface allows transfer of
energy only into the environment, so thermal interaction
occurs only between cavities. Thus, a quantitative emis-
sivity expression for the whole surface of the block can be

FIG. 4. Experimental measurements for different effective emissivities &g, (a) Cavity structure (upper panel) and effective-
emissivity principle. The effective emissivity of a flat surface with a cavity (upper panel) is equivalent to &g, of another flat surface
(lower panel), which is quantitatively expressed in Egs. (14) and (15). The left image in (b)+d) shows a photograph of the experimen-
tal apparatus for a human pattern, a machine-gun pattern, and an “FD” pattern, respectively. The three other images in (b)~(d) show
the experimental measurements, each for one observation angle (0°, 30°, or 60°). The experimental apparatus is placed in a heat bath
at 50 °C. The unit of the numerical values in the color bars is degree Celsius.
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derived as

Esur = 8:3 Q’fge + (1 _f)80

-1
=f|:1+&(i—l)] + (1 —=fep.  (15)
S1 \&»

The area proportion of the cavity f (say, the area ratio of
the mouth cavity to the whole surface) and the inherent
area ratio Sy/S) enable us to tailor the effective emissivity
of'the surface so as to form a specific apparent-temperature
distribution in infrared imaging.

We examine the practical effects directly with an FLIR
E60 infrared camera, whose resolution is 0.1 K. For simpli-
fication, we use a 10 x 15 array and two groups of tailored
units for designing feature patterns. Copper cubes 2 cm
in length are used as block units. The thermal conduc-
tivity of copper is about 397 Wm~! K~!, so that Ty, will
approach the source temperature due to copper’s good heat
conduction. One group of units is not hollow with intrinsic
emissivity 0.2, while the other has a cylindrical hole cut
in it. The hole has a radius of 0.4 cm and a depth of 1 cm.
According to Eq. (15), the effective emissivity is about 0.6.
Besides, we design an acrylic plate with 15 x 20 square
holes to encode the block units. They can be inserted in
the holes for fixation. We design infrared patterns of a
human, a machine gun, and the letters “FD,” respectively,
as shown in Figs. 4(b)—4(d), by manually rearranging these
units. This operation can also be mechanically executed
with additional active installations, thus forming an active
restructurable metasurface. We place the encoded surface
in a water bath, whose temperature is kept at 50 °C. The
room temperature is about 20 °C. After the system reaches
the steady state, the infrared camera helps to detect the
feature patterns. The metasurfaces of different arrange-
ments when viewed in visible light are hard to distinguish
(similarity). At different observation angles, we find the
robustness of illusion or similarity when viewed in infrared
light or visible light respectively; see Figs. 4(b)—4(d). It is
worth mentioning that when the surface is coated with an
antireflection film, we find that the feature pattern disap-
pears, and the reading temperatures become little higher
than previously. This confirms that the cavity-engineering
method helps to change the imaging.

V. DISCUSSION AND CONCLUSION

The emissivity and surface temperature of objects deter-
mine the imaging pattern of infrared cameras. Taking
advantage of this, we demonstrate two methods of tuning
emissivity and temperature by simulation or experiment
on the same platform to achieve infrared-light illusion
and visible-light similarity. Reference [18] gave a fea-
sible implementation for tuning temperature by manipu-
lating conduction processes. In addition to this, how to
practically control convective and radiative flows needs

further study to satisfy theoretical predictions by Egs.
(8a)«8d). Tuning Ty, works only with the system in the
steady state, while tuning &g, works in both the steady
state and a transient state. We note that the emissivity plays
two roles in the tailoring process. On one hand, it guides
the radiative flow so as to change the surface temperature.
On the other hand, it helps conceal the real temperature
Tsur to cheat the infrared camera and cause it to display
an apparent temperature. So, we perform the variable-
controlling method in the above-mentioned simulations
and experiments. This platform is shown to be a flexi-
ble and applicable tool for infrared illusion. In different
temperature regions, targeted tuning methods are avail-
able. Besides, the encoding and assembling process on
unit cells is noninvasive and repeatable. Its flexibility with
block assembly makes the illusion applicable to diverse
situations. Moreover, infrared cameras usually have some
limitation in dimensional resolution, and the illusion pat-
tern quality can be improved when the sizes of the units
are comparable with the dimensional resolution. The pro-
posed restructurability is essentially distinguished with the
common reconfigurability or adjustability [33]. This is
because the former is property invariant but structurally
rearrangeable, while the latter is structure invariant but
property adjustable. The proposed restructurable metasur-
face exhibits both illusion in infrared light and similarity in
visible light. The “similarity” can be upgraded to “indistin-
guishability” as long as the surface is structured carefully,
as implied by Figs. 4(b)4(d). This should be useful for
real applications.

Also, as a direct application, we suggest to use our
scheme to realize infrared anticounterfeiting. Anticoun-
terfeiting is extensively applied in industry, the military,
and daily life. The common strategies are based on opti-
cal holograms [34-36], which can be found by the naked
eye or detectors. Nevertheless, such technologies tend to
be defeated because the typical pattern can be forged.
Recently, there has been much research on optical meta-
surfaces in this traditional field [37—40]. With carefully
designed two-dimensional microstructures, the amplitude,
phase, and polarization of light can be tailored arbitrar-
ily. So, its intrinsic signal is characteristic and hard to
replicate. However, as we need to capture only emis-
sive electromagnetic-wave information for identification,
an intuitional insight is to tailor the characteristic radia-
tive signals for anticounterfeiting, which does not need
additional incident light. The encryption process can be
executed on our proposed metasurfaces, while decoding is
achieved by infrared imaging. The key secret is hard to
forge because of its similarity in visible light. Moreover,
the restructurability raises the difficulty level for falsifica-
tion. This kind of anticounterfeiting strategy has applica-
bility in noninvasive and quick-recognition situations.

In summary, we propose a practical scheme for achiev-
ing infrared-light illusion and visible-light similarity. The
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tuning of the surface temperature and emissivity can be
executed synergistically. Compared with existing thermal
metamaterials, our scheme considers all three basic modes
of heat transfer (omnithermotics), thus expanding the
scope of applications. Also, we introduce the cavity effect
to tailor the emissivity, which simplifies the manufacture.
We hope that this scheme can not only overcome some
challenges in designing infrared illusion but that it also has
direct applications in industry and commerce.
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