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The enclosed configuration of conventional thermal cloaks prevents the passage of matter across their boundaries.
To overcome this limitation, we propose an open thermal cloak (OTC) that simultaneously provides effective thermal
cloaking and incorporates a functional exit that allows unimpeded passage and exchange of matter. The OTC integrates
a closed thermal cloak with an exit (CTCE) and a thermal shifter designed via coordinate transformation. The thermal
shifter compensates for performance degradation caused by the exit by transferring the thermal regulation function of the
removed segment back to the exit location, using a material with equivalent negative thermal conductivity derived from
transformation thermotics. For practical implementation, this idealized material is replaced with discrete active thermal
metasurfaces (ATMs) at the boundary to replicate the required heat flux conditions. Numerical simulations show that the
ATM-based OTC exhibits excellent cloaking performance under varying heat flow directions and across exits of different
sizes and shapes, maintaining background temperature field integrity and a near-uniform temperature distribution inside
the protected region. The average temperature disturbance induced is significantly lower than that of CTCE and a directly
exposed object, with performance approaching that of an ideal closed thermal cloak (CTC). This work breaks the enclosure
limitation of traditional thermal cloaks and shows promise for infrared thermal protection of underground shelters and the
thermal management of heat-sensitive electronics.
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1. Introduction
Thermal cloaking utilizes specialized thermal structures

composed of materials with engineered thermal conductiv-
ity, known as thermal metamaterials/metasurfaces,[1–7] which
guide heat flow around an object within a concealed region and
allow it to continue along its original path.[8–12] This approach
preserves the external background temperature field from dis-
turbance while maintaining a near-zero temperature gradient
inside the concealed region, thereby shielding the protected
object from external thermal influence. After years of develop-
ment, various thermal cloaking structures have been proposed
for diverse applications, showing promise in areas such as in-
frared protection for underground shelters and thermal man-
agement of heat-sensitive electronic components.[13–15]

Thermal cloaking is primarily achieved through three de-
sign approaches. The first method employs transformation
thermotics,[16–19] using coordinate transformation to create
media that guide heat flow around the concealed region. These
materials typically exhibit anisotropic and spatially graded
thermal conductivity. The second approach involves designing
multi-layer core-shell structures. By solving the steady-state
heat conduction Laplace equation under the condition of an
undisturbed background temperature field, the required rela-

tionships between thermal conductivity and geometric param-
eters for each layer are derived.[8–10,20–22] The third method
utilizes optimization techniques such as topological optimiza-
tion or artificial intelligence algorithms to directly determine
material parameters that minimize disturbance to the back-
ground temperature field.[23–27] Recent advances in thermal
metamaterials and metasurfaces have expanded thermal cloak-
ing beyond single-physics (thermal) applications to multi-
physical systems.[28–34] New developments also include func-
tionally switchable thermal management structures,[33,35–40]

and cloaking designs adaptable to arbitrary shapes.[23,41] Nev-
ertheless, current thermal cloaking technology remains pri-
marily focused on enclosed configurations, where the con-
cealed object is completely encapsulated or continuously sur-
rounded by a shell. In practical applications, however, there is
often a need for matter exchange between the interior and exte-
rior of the thermal cloak — such as in thermal shielding for on-
chip electrically interconnected systems or open-configuration
chemical reactors. So far, there has been almost no theoreti-
cal research or effective methods developed for open thermal
cloaking structures.

As shown in Fig. 1(a), in a two-dimensional on-chip sys-
tem, the presence of on-chip components causes thermal in-
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terference in the background temperature distribution. These
integrated components themselves also experience heat flow
impact due to the background thermal flow, resulting in a non-
zero temperature gradient inside them. As shown in Fig. 1(b),
a classic CTC can be designed by solving the Laplace equa-
tions and wrapped around the original on-chip components to
achieve a thermal cloaking effect: the background tempera-
ture distribution remains undisturbed, and the temperature in-
side the on-chip components becomes uniform (with a zero-
temperature gradient, meaning no heat flow impact). How-
ever, considering many practical applications where on-chip
integrated components require electrical connections or mat-
ter exchange with the external environment, it is necessary to
remove a portion of the CTC from Fig. 1(b) to serve as an
exit for internal matter or charge flow. To enable CTCE to
still maintain good thermal cloaking functionality for its inter-
nal components, this study proposes placing a thermal shifter
with heat translation capability, designed via folding transfor-
mation based on transformation thermotics,[15–18] around it.
As shown in Fig. 1(c), if the material removed from the CTC
(corresponding to the exit location) is placed at a specific po-
sition within the thermal shifter, the thermal regulation func-
tion lost due to the removed CTC part can be compensated
back to the exit location via the thermal shifter. This com-
pensates for the impact of introducing the exit on the original
cloaking effect, thereby achieving a thermal cloaking func-
tionality close to that in Fig. 1(b). Consequently, the struc-
ture formed by the combination of the thermal shifter and the
CTCE is named the OTC. The OTC in Fig. 1(c) can simultane-
ously achieve effective thermal cloaking for the on-chip inte-
grated components within its internal thermal protection zone,
while enabling matter exchange between the thermal protec-
tion zone and the on-chip background environment (see the
inset in Fig. 1(c)).

Heat flux

Bare object

Heat flux

CTC

On-chip component

Exit

Background
Thermal
protection
zone

Heat flux

OTC

(a) (b)

(c)

Fig. 1. (a) Heat flow directly impacts a bare on-chip component. (b) Heat
flow impacts an on-chip component equipped with CTC. (c) Heat flow
impacts an on-chip component equipped with OTC.

2. Theoretical design
The OTC is composed of two functional units: a CTCE

and a thermal shifter. First, a CTC needs to be designed.

By solving the steady-state heat conduction Laplace equation
∇ · (κ∇T ) = 0, the relationship between the thermal conduc-
tivity of each region in the CTC and the inner and outer radii
can be derived (the detailed derivation is provided in supple-
mentary note 1)(

R1

R2

)2

=
(κ1 +κ2)(κ2−κ3)

(κ2 +κ3)(κ2−κ1)
. (1)

Here, R1 and R2 are the inner and outer radii of the CTC, re-
spectively; κ1, κ2, and κ3 are the thermal conductivities of the
thermal protection zone, the cloak layer, and the background,
respectively.

Rb

R2

R1

hi
ho

βRo

Physical space (ρ,θ)

(a)

Reference space (ρ′,θ′)

(b)

Ri

κa

κ1

κb

κ2

κc

κ3

Fig. 2. Coordinate transformation between the physical space (a) and the
reference space (b). The function of the thermal shifter (blue grid sec-
tion) is to displace the thermal effect at point (hi, 0) in the physical space
(a) by a certain distance, transforming it to point (ho, 0) in the reference
space (b). The thermal shifter possesses an equivalent negative thermal
conductivity.

In the reference space, the removed segment remains part
of the cloak structure (Fig. 2(b)), while in the physical space
it serves as a passage for matter exchange (Fig. 2(a)). The
key challenge is thus designing a thermal shifter capable of
transferring thermal effects from an internal point (hi, 0) to an
external spatial location (ho, 0). As shown in Fig. 2(a), the an-
nular thermal shifter, with inner radius Ri and outer radius Ro,
and a transformation-defined boundary radius Rb = R2

o/Ri, de-
signed via transformation thermotics, exhibits equivalent neg-
ative thermal conductivity. With the center of the thermal
shifter as the origin, the coordinate transformation between
the physical space (ρ , θ , z) and the reference space (ρ ′, θ ′,
z′) can be expressed as

(ρ ′,θ ′,z′) =
(

Rb

Ri
ρ, θ , z

)
, for region ρ ≤ Ri,

(ρ ′,θ ′,z′) =
(

R2
o

ρ
, θ , z

)
, for region Ri < ρ < Ro,

(ρ ′,θ ′,z′) = (ρ,θ ,z), for region ρ ≥ Ro. (2)

Based on the boundary condition requirements, the thermal
conductivity is derived through transformation thermotics as

κ = κb

√
𝑔
√
𝛾

J𝑔−1JT𝛾

det(J)
, (3)
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where 𝛾 = diag(1,ρ ′2,1), 𝑔 = diag(1,ρ2,1), κb represents the
thermal conductivity of the background material, and J de-
notes the Jacobian matrix. The Jacobian matrix J can be ex-
pressed as

J = diag
{

Ri

Rb
,1,1

}
, for region ρ ≤ Ri,

J = diag
{
− R2

o

ρ ′2
,1,1

}
, for region Ri ≤ ρ ≤ Ro,

J = diag{1,1,1} , for region ρ ≥ Ro. (4)

Then, the thermal conductivity in the physical space can be
obtained as

κ = κbdiag
{

1,1,
R2

b

R2
i

}
, for region ρ ≤ Ri,

κ =−κbdiag
{

1,1,
R4

o

ρ4

}
, for region Ri < ρ < Ro,

κ = κbdiag{1,1,1} , for region ρ ≥ Ro. (5)

If we only consider heat conduction in the two-dimensional
ρ–θ plane, then the thermal conductivity in each region is
isotropic and satisfies

κ = κb, for region ρ ≤ Ri or ρ ≥ Ro,

κ =−κb, for region Ri < ρ < Ro. (6)

This implies that the region Ri < ρ < Ro is composed of an
isotropic material with negative thermal conductivity, while
the remaining regions consist of materials with positive ther-
mal conductivity. From the coordinate transformation, we
know ho = hi ·Rb/Ri, Rb = R2

o/Ri, and finally obtain

ho

hi
=

(
Ro

Ri

)2

. (7)

The derived conductivity tensor ensures that a heat flow 𝑞 at
(hi, 0) produces an identical heat flow 𝑞′ at (ho, 0). As a re-
sult, the thermal shifter restores the thermal-regulation func-
tion originally provided by the removed CTC segment.

3. Numerical simulation
Under uniform thermal excitation, the CTC maintains

unbent background isotherms (Fig. 3(d)), confirming that
heat flow bypasses the cloak undisturbed. Within its ther-
mal protection zone, the heat flow direction aligns with the
background (Fig. 3(a)) and exhibits a uniform magnitude
(Fig. 3(g)). Introducing an exit within the CTC, however,
curves the background isotherms (Fig. 3(e)), indicating dis-
rupted heat flow. Inside the CTCE zone, the heat flow direction
diverges from the background, the temperature distribution
deviates significantly from that of the CTC (Fig. 3(b)), and
the heat flow magnitude becomes non-uniform — particularly
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Fig. 3. Panels (a)–(c) respectively show the heat flow direction and temperature distribution (2D simulation) within the thermal protection zone
of the CTC (a), CTCE (b), and OTC (c) when a heat flow is applied along the x-direction. Panels (d)–(f) display the temperature distribution (2D
simulation) over the entire region for the CTC, CTCE, and OTC, respectively. Panels (g)–(i) show the heat flow intensity at different locations
within the thermal protection zone of the CTC, CTCE, and OTC, respectively. Panel (j) illustrates the structure of the OTC. Panel (k) presents
the distribution of the temperature difference from the ideal value at various positions along the measuring line for the CTC, CTCE, and OTC.
The measuring line is a vertical line running through the top and bottom boundaries, parallel to the side boundaries, located 27.6 cm from the left
boundary.
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Fig. 4. Panels (a) and (b) show the temperature distributions (2D simulation) of the OTC when the heat flow is incident at angles of 30◦ and 60◦,
respectively. Panel (c) displays the temperature difference distribution curves from the ideal value along the measuring line for both the OTC
and CTCE under 30◦ and 60◦ heat flow incidence. Panel (d) presents the temperature distribution (2D simulation) of the OTC utilizing a smaller
thermal shifter designed for a smaller exit (β = 2◦). Panel (e) shows the temperature distribution (2D simulation) of the OTC employing a larger
thermal shifter to accommodate a larger exit (β = 15◦). Panel (f) illustrates the distribution of the temperature difference from the ideal value
along the measuring line for the OTC and CTCE with different exit angles.

elevated near the exit (Fig. 3(h)). In contrast, the OTC pre-
serves straight background isotherms (Fig. 3(f)). Its internal
heat flow direction closely matches the background, with the
temperature distribution resembling that of the CTC (Fig. 3(c))
and a relatively uniform heat flow magnitude (Fig. 3(i)). Mea-
surements along the measuring line (Fig. 3(j)) show that
the OTC’s average temperature disturbance is 10.2% of the
CTCE’s (Fig. 3(k)) and below 1.1% of the directly exposed ob-
ject’s, demonstrating excellent thermal cloaking performance
(simulation parameters are detailed in supplementary note 2).

The OTC maintains excellent cloaking performance un-
der varying heat flow directions (Figs. 4(a) and 4(b)). At 30◦

incidence, the average temperature disturbance along the mea-
suring line is 0.04 K for the OTC versus 0.32 K for the CTCE;
at 60◦, it is 0.01 K for the OTC versus 0.19 K for the CTCE
(Fig. 4(c)). Similarly, the OTC performs effectively across
various exit angles β . For a larger exit (β = 15◦), the aver-
age disturbance is 0.004 K (OTC) versus 0.14 K (CTCE). For
a smaller exit (β = 2◦), it is 0.015 K (OTC) versus 0.07 K
(CTCE) (Figs. 4(c)–4(e)) (simulation details in supplementary
note 2; other scenarios in supplementary note 3).

4. Realization design
To implement the OTC, we emulate equivalent nega-

tive thermal conductivity by using ATMs within a positive-
conductivity background.[42,43] As illustrated in Fig. 5(a), em-
bedding a region with conductivity −κb in a background of
κb results in reversed temperature gradients across the bound-
ary — a hallmark of negative conductivity. By replacing this
region with a positive-conductivity material and introducing

boundary heat sources (Fig. 5(b)), the equivalent heat flux con-
tinuity can be maintained. The required boundary heat source
density is given by qs = −2q1 = −2κb𝑢∇T , where 𝑢 is the
unit normal vector at the boundary. This enables the realiza-
tion of negative thermal conductivity effects via active thermal
control with ATMs. This approach effectively counteracts the
reverse heat flow, reproducing the original temperature distri-
bution.

For practical implementation, the continuous boundary
heat source distribution is discretized into a finite number of
line heat sources uniformly distributed along the boundary
(Fig. 5(c)). This discretization can be regarded as a piecewise
approximation of the continuous heat source density, where
each discrete source represents the integrated heat power over
a small angular segment ∆θ . When ∆θ is sufficiently small,
the discrete formulation converges to the continuous boundary
condition. Accordingly, the power of the m-th line heat source
located at angular position θm can be obtained by integrating
the continuous heat source density over the corresponding an-
gular interval, yielding

Qm =
∫

θm+ ∆θ
2

θm− ∆θ
2

qsr dθ , (8)

where θm is the angular position of the m-th source. By de-
ploying discrete line heat sources along the boundary, the tem-
perature control effect of negative thermal conductivity can be
faithfully replicated within a positive-conductivity system.

Two-dimensional simulations confirm that the OTC based
on ATMs, the active version using heat sources, achieves ef-
fective thermal cloaking (Figs. 5(d)–5(g)). Under x-directional
heat flow at β = 10◦, both continuous and discrete sources
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yield low average temperature disturbances along the measur-
ing line (0.014 K to 0.037 K) with small standard deviations in
the thermal protection zone (0.281–0.288), significantly out-
performing the CTCE (0.1244 K, 0.325). Figure 5(h) further
shows that the OTC consistently induces lower disturbance
than the CTCE along the measuring line (other details are in
supplementary note 2).

For practical implementation, cloaking performance sat-
urates with m = 24 and n = 12 discrete sources. Practically,
the deployment of 36 heat sources is technically feasible. If

deploying all 36 sources is constrained, an optimized non-

uniform layout concentrating sources near the opening main-

tains effective cloaking by regulating the critical local ther-

mal field (supplementary note 2). These sources can use semi-

conductor thermoelectric coolers (TECs), which serve as con-

trollable local sources in thermal metasurfaces.[42–45] Mod-

ern TECs provide the high-power density and fast response

needed for the precise, dynamic heat flux regulation required

here,[46,47] supporting both layout schemes.

q1 q1

q1q1 q1 q1

↩q1

q1

q1q1

MaxMin
T

HeaterCooler

(a) (b)

(c)

(h)

u u

T

Max

Min

(e) OTC (m=∞, n=∞)(d) OTC

(f) OTC (m=24, n=12) (g) OTC (m=18, n=10)

κb κb κb κb κb−κb

Dθm

Qm/

r

θm

∫
θm+Dθ/2

θm−Dθ/2
qsrdθ.

Fig. 5. (a) Temperature and heat flow with a negative thermal conductivity material embedded in a positive-conductivity background. (b) Same
distribution achieved by replacing the negative-conductivity material with a positive-conductivity material and a configuration of coolers and
heaters for active thermal control. (c) Power calculation method for discrete line heat sources in the thermal shifter. (d) OTC temperature
distribution using negative thermal conductivity. (e) OTC temperature distribution with continuous boundary heat sources. (f) and (g) OTC
temperature distributions using discrete boundary heat sources (m and n denote outer and inner source counts). (h) Temperature deviation along
the measuring line for CTC, CTCE, and various OTC configurations.

This work improves upon traditional conduction-

dominated enclosed thermal cloaks[8,10,11,18,28] to realize the

OTC with a functional exit. In practical applications, however,

material exchange through the exit may introduce convective

heat transfer. The OTC remains effective under weak convec-

tion, but strong convection would require further integration

with existing convective thermal metamaterials for enhanced

performance.[48–51] Additionally, the active heat sources used

for OTC functionality generate waste heat, which could create

new infrared signatures. This can be addressed by incorpo-

rating infrared stealth metasurfaces,[52–54] guiding waste heat

away through thermal conduits, or embedding the heat sources

internally to minimize external thermal detection.

5. Conclusion

In summary, we realized an OTC for conduction-
dominated scenarios by integrating a thermal shifter, designed
via coordinate transformation, with the CTCE. Practical feasi-
bility was achieved by employing discrete line heat sources at
the boundary to mimic the heat flux of negative thermal con-
ductivity material, thus enabling equivalent negative thermal
conductivity. Numerical simulations confirm the OTC’s ex-
cellent omnidirectional thermal cloaking performance. It sup-
ports large exits and permits using a smaller thermal shifter for
smaller exits, saving space. This device shows strong applica-
tion potential in infrared protection for underground shelters
and thermal management of heat-sensitive electronic compo-
nents.
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