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Thermal cloaking, as an ultimate thermal “illusion” phenomenon, is the result of advanced heat

manipulation with thermal metamaterials—heat can be guided around a hidden object smoothly

without disturbing the ambient thermal environment. However, all previous thermal metamaterial

cloaks were passive devices, lacking the functionality of switching on/off and the flexibility of

changing geometries. In this letter, we report an active thermal cloaking device that is controllable.

Different from previous thermal cloaking approaches, this thermal cloak adopts active

thermoelectric components to “pump” heat from one side to the other side of the hidden object, in

a process controlled by input electric voltages. Our work not only incorporates active components

in thermal cloaking but also provides controllable functionality in thermal metamaterials that can

be used to construct more flexible thermal devices. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4930989]

The prospect of metamaterials in controlling various phys-

ical fields manifests itself in the research of creating invisibility

phenomena that were unachievable with common materials.

Cloaking for electromagnetic waves1–15 and acoustic

waves16–19 has greatly stimulated, and benefited from, the de-

velopment of electromagnetic and acoustic metamaterials. The

recent concept of thermal cloaking,20–27 similarly, has in turn

spawn a new research field of thermal metamaterials, aiming at

controlling heat at will. The first approach of realizing thermal

cloaking followed the coordinate transformation method20–23

(“transformation optics”28,29). The second approach adopted

the scattering-cancellation method,25,26 similar to previous

plasmonic cloaking1,7 and dc magnetic cloaking.12,13 Both

approaches of thermal cloaking, however, only apply to pas-

sive thermal metamaterials. Despite the fact that active compo-

nents have already been incorporated in controllable

electromagnetic and acoustic metamaterials for cloaking pur-

poses,6,13,18 thermal cloaking still lacks similar controllability.

In this letter, we propose and demonstrate an approach of

active thermal cloaking with controllability. Different from

previous approaches which are based on the manipulation of

material’s thermal properties, our work realizes active cloak-

ing by “pumping” heat flux from one side to the other side of

the cloak via thermoelectric (TE) components that are con-

trolled by input electric voltages. The switching on/off of this

active thermal cloak is demonstrated in the experiment.

Another unique feature of this active cloak is that it can adapt

to flexible geometries without redesigning its constituents.

This flexibility of changing geometries is demonstrated by

cloaking a circular object and a square object using the same

thermoelectric components.

A schematic of the experiment is shown in Fig. 1(a).

The first object to be hidden is a circular air hole with

32.0 mm radius embedded in a rectangular metal plate made

of Carbon Steel (AISI 1050) with thermal conductivity of

49.8 W m�1 K�1 and dimensions of 200.0� 100.0� 5.0 mm.

The 5.0 mm thickness is sufficiently thin to approximate the

Carbon Steel plate as two dimensional object and is suffi-

ciently thick to neglect the effect of convection. The center

of the air hole is 40.0 mm away from the center of the

Carbon Steel plate. This asymmetry of position will facilitate

the observation of the cloaking effect, as will be shown later.

To observe the cloaking effect, a diffusive heat flux is cre-

ated by attaching a 60 �C hot surface (generated by a

FIG. 1. Design of active thermal cloak. (a) Multiple TE components are

arranged around the air hole with equal distance on the Carbon Steel plate.

Blue TE components absorb incident thermal flux while red ones release

heat back to the plate. In the demonstration, heat flows from bottom to top.

As a result, grey TE components can stay inactive as they do not absorb or

release heat, but they can be activated if heat flows in other directions. (b)

The side view of the marked region in Fig. 1(a), illustrating the working

mechanism of TE components when functioning as heat absorber/emitter.

An applied voltage causes a directional motion of charge carriers in p/n

blocks, resulting in a heat flux in the designed direction. The bottom/top or-

ange arrow indicates the absorption/release of heat by TE components. The

dashed arrow indicates the heat transfer through a constant-temperature heat

“reservoir” which is a large copper bulk in the experiment.

a)Authors to whom correspondence should be addressed. Electronic addresses:

HYXU@ntu.edu.sg and BLZHANG@ntu.edu.sg.
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constant temperature heater) at the lower end of the Carbon

Steel plate, and a 0 �C cold surface (created by an ice-water

tank) at the upper end of the Carbon Steel plate.

Temperature profile of the system is captured by an infrared

camera FLIR
VR

T620. To correct the low emissivity of

Carbon Steel, a black vinyl electrical insulation tape with

emissivity of around 0.95 is used to cover its surface.

NTE424 thermal compound is applied at every thermal

contact to reduce thermal impedance.

The key to realizing active thermal cloaking is to “pump”

the heat flux incident on one side of the cloak to the other side

precisely. In our demonstration, this is realized with 24 TE

components (each with dimensions of 6.0� 6.0 � 3.8 mm,

manufactured by Global Component Sourcing) uniformly

spaced around the air hole. Each TE component is controlled

with an external input voltage to absorb or release heat. Heat

absorbed by the TE components (located near the hot end of

the Carbon Steel plate; as marked in blue in Fig. 1(a)) is dissi-

pated into a constant-temperature heat “reservoir” (a large

copper bulk attached to these TE components; not shown in

the figure), and heat released from the TE components

(located near the cold end of the Carbon Steel plate; as

marked in red in Fig. 1(a)) is also provided by the same heat

“reservoir.” The dashed arrow indicated in Fig. 1(b) implies

that the constant-temperature heat “reservoir” provides a

channel for heat to be pumped from one side to the other side

of the cloak. When the cloak is switched on, all TE compo-

nents are applied with different electric voltages to absorb/

release the exact amounts of heat accordingly to recover the

system from temperature distortion. It should be noted that,

when pumping the heat, the TE components also consume

energy and will generate extra heat. Therefore, the heat

“reservoir” will receive more heat than it will release. Ideally,

this extra heat can be “pumped” to an additional heat channel

and be dissipated elsewhere. Here, we just leave it to be dissi-

pated from the heat “reservoir” via air convection.

For the electric controlling part, each TE component is

connected to a dc-dc buck converter (a mini voltage controller

device) to control its input current. This input current can be

determined by solving the cooling capacity equation30 for TE

components functioning as heat absorber

QL ¼ aITL �
1

2
I2R� jT TH � TLð Þ: (1)

As for TE components functioning as heat releaser, the heat

rejection equation30 is used

QH ¼ aITH þ
1

2
I2R� jT TH � TLð Þ: (2)

In Equations (1) and (2), I is the input current, QL and QH

are the amount of heat absorbed/released by each TE compo-

nent. Its high/low temperature surfaces are denoted as TH/TL,

respectively. The three representative parameters of a TE

components are a—Seebeck coefficient, R—Electrical resist-

ance, and jT—Thermal conductance. Knowing the required

amount of heat absorbed/released, as well as the targeted

temperature profile, one can solve Equation (1) or (2) to

obtain the input current for each TE component. In our

calculation, the effective Seebeck coefficient, electrical re-

sistance, and thermal conductance of a TE component are

3.4� 10�3 X T�1, 0.041 X, and 0.095 W K�1, respectively.

In our experiment, the amount of heat absorbed/released is

pre-calculated based on prior knowledge about hot end/cold

end temperature. However, conceptually, for a non-

predetermined setup, the cloak can still function properly by

using a thermal camera to measure the boundary tempera-

tures of the system, which will subsequently be used to

obtain the amount of heat involved.

Now we demonstrate the effectiveness of the active ther-

mal cloak. For comparison, we first consider a solid Carbon

Steel plate without any hole embedded. As shown in Fig.

2(a), after about 10 min for heat to diffuse from bottom to

top, a homogeneous temperature profile is formed on the

Carbon Steel plate. When an air hole is present, as shown in

Fig. 2(b), this air hole will block the heat channel and distort

FIG. 2. Realization of thermal invisibil-

ity of a circular air hole in a metal

plate. (a) Thermal image of a complete

Carbon Steel plate without any air hole.

Heat flux diffuses from bottom to top,

forming a homogeneous temperature

profile. (b) Distorted temperature profile

caused by an embedded circular air

hole. (c) Restored homogeneous temper-

ature profile when the cloak is cloaking

the air hole. The dashed circle indicates

the position of TE components.
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the temperature profile, simply because still air is almost a

thermal insulator. The thick green temperature contour line

(about 32.5 �C) indicates the position where the temperature

reaches its mid-value between the hot and cold ends of the

plate. This line now locates closer to the hot end instead of

lying in the middle of the plate, because of the heat blocking

effect from the air hole. The asymmetric position of the air

hole is chosen to facilitate the observation of this shift in

temperature. In contrast, when the cloak is in operation, heat

diffuses smoothly with a restored homogeneous temperature

profile (Fig. 2(c)). The thick green temperature contour line

(about 32.5 �C) also returns to its original position. This tem-

perature profile is almost identical to the case when the air

hole is absent (Fig. 2(a)), indicating that thermal invisibility

has been achieved. There are still perceivable defects around

the cloaked region with slight temperature distortion. These

defects are because of the finite size of TE components.

We then proceed to demonstrate the controllable func-

tionality of switching on/off for this thermal cloak in a

dynamic.31 In the beginning, the thermal cloak is switched

off when heat diffuses from the hot end to the cold end of

the Carbon Steel plate, reaching thermal equilibrium in

about 10 min. Then the thermal cloak is switched on, restor-

ing the homogeneous temperature profile. After another

10 min, the thermal cloak is switched off again. The tem-

perature profiles at different time frames are extracted for

illustration as in Fig. 3. It can be seen that, when the ther-

mal cloak is switched off (Fig. 3(a)), the situation is similar

to that without any cloak (Fig. 2(b)). In contrast, when the

cloak is switched on, the temperature profile restores its

homogeneity, realizing thermal invisibility (Fig. 3(b)).

When the thermal cloak is switched off again, the tempera-

ture profile returns to the distorted one (Fig. 3(c)). This off-

on-off process demonstrates clearly the dynamic switching

functionality of the active thermal cloak.

Apart from on/off switching, another unique feature of

this active thermal cloak is that it can apply to different geo-

metries without rebuilding its constituents. To demonstrate

this feature, a rectangular air hole with dimensions of

60.0� 40.0 mm is chosen as the object to be cloaked in the

same Carbon Steel plate. Previously, in order to hide a simi-

lar square object, cloaks based on coordinate transformation

FIG. 3. Dynamic switching of the cloak-

ing function. (a) Distorted temperature

profile when the cloak is not in operation.

Heat flux diffuses from bottom to top.

(b) Thermal invisibility achieved when

the cloak is activated. (c) Temperature

distortion is restored when the cloak is

deactivated. In each stage, it takes 10

min to reach the steady state. Dashed

circles indicate the position of TE com-

ponents. Black/white color indicates that

the cloak is switched off/on, respectively.

FIG. 4. Realization of thermal invisi-

bility of a rectangular air hole in a

metal plate. (a) Illustration of the

alignment of TE components at two

edges of the rectangular air hole in the

Carbon Steel plate. Heat flux diffuses

from bottom to top. (b) Temperature

distortion caused by the rectangular air

hole. (c) Homogeneous temperature

profile restored by the active cloak.

Dashed lines indicate the position of

TE components.
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required highly anisotropic and inhomogeneous metamate-

rials that are challenging to implement. In contrast, the

active thermal cloak here can easily change its shape by re-

aligning TE components along the upper/lower edges of the

rectangle hole (Fig. 4(a)). With this setup, the blocked path

of heat channel can be re-connected by TE components,

allowing heat flux to diffuse uniformly in the remaining

region out of the rectangular air hole. The performance of

this thermal cloak is demonstrated in Figs. 4(b) and 4(c).

When the rectangular air hole is embedded in the plate

without any cloak, the air hole blocks heat diffusion and

causes the temperature distortion (Fig. 4(b)). In contrast,

when the rectangular air hole is cloaked, the temperature

profile becomes homogeneous as if the air hole were not

there (Fig. 4(c)). For objects with other geometries beside

circles and rectangles, active thermal cloaking can also be

realized using the same principle.

In conclusion, we present the design and implementation

of active thermal cloaks that are made of TE components.

With proper input voltages, TE components can “pump” heat

from one side to the other side of the cloaked region, shielding

the object in the heat channel. The effectiveness of active

cloaking is experimentally demonstrated on a circular object

and a rectangular object. This thermal cloaking approach

incorporates active components in thermal metamaterial devi-

ces and brings dynamic controllability that is desirable in

many applications.
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