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S1. Derivation procedure for solving the heat conduction equation



The temperature fields of the core, , dome, , and background, , are

,                                           (S1a)

,                                    (S1b)

,                                    (S1c)






where , , , and  are four constants determined by boundary conditions,  is the applied temperature gradient, and .
The boundary conditions determined by the temperature and normal heat flux continuity are

,                                (S2a)

,                                (S2b)

,                           (S2c)

.                           (S2d)
Based on Eq. (S1), Eq. (S2) can be rewritten as

,                                 (S3a)

,                             (S3b)

,                           (S3c)

.                 (S3d)



Here we introduce the shape factors of the core, , and the dome, , along the  axis,

,                               (S4a)

,                               (S4b)



with  and . They satisfy the conditions . Based on Eq. (S4), we have

,                              (S5a)

.                     (S5b)


According to the scattering cancellation theory, we impose the scattering term . Solving for Eq. (S3) yields the thermal conductivity of the shell structure  requirement

.                        (S6)
S2. The effective medium theory perspective

The effective conductivity tensor  of the thermal dome can be derived as follows [1]:

,                        (S7)










where  denote the volume fraction of the core.  and  are the thermal conductivity of the core and the thermal dome, respectively.  and  are the depolarization tensors of the inner surface and the outer surface of the thermal dome, respectively. For a half-spheroid dome (), , where . Especially, for a half-sphere dome (), .





In order to avoid disturbance to the background by the thermal dome, the effective conductivity tensor  must be equal to the thermal conductivity of the background . Therefore, we assume . To ensure the thermal dome is applicable to any object, it is recommended to add an insulating layer to the inner layer of the thermal dome, so that  always equals 0 W∙m−1∙K−1. Hence, designing the thermal dome for the case where  equals 0 W∙m−1∙K−1 will make it suitable for all objects. Using this approach, we can obtain the design parameters of the half-spheroid thermal dome:

,                                  (S8a)

,                               (S8b)


From Eq. (S8), the thermal conductivity of the thermal dome meeting the design requirements can be obtained by substituting known parameters, including the thermal conductivity of the background and the required geometric parameters of the thermal dome. Alternatively, the geometric shape of the thermal dome can be determined by first selecting its material. However, since Eq. (S8) is complex, it is best to use commercial software such as MATLAB to solve it directly. Choosing a more suitable shape can simplify Eq. (S8) significantly. For instance, for a hemispherical thermal dome ( and ), the effective thermal conductivity tensor can be expressed as:

.                                     (S9)
We can also rewrite Eq. (S9) as

,                                   (S10)


where , denotes the ratio of the thermal conductivity of the thermal dome to the background.  represents the thickness of the thermal dome.
Next, we discuss the design of reconfigurable multi-layer thermal domes. Iterative methods [2] can be used by repeatedly applying Eq. (S7) to calculate the effective thermal conductivity of each layer, and finally obtaining the desired effective thermal conductivity that equals the background thermal conductivity, achieving thermal invisibility. The simplest example of a hemispherical thermal dome will be used to illustrate in detail how to obtain a double-layer thermal dome from a single-layer thermal dome, as shown in Fig. S1. Note that in this case, Eq. (S7) simplifies to the following form:

,                              (S11)

where  is the core fraction.

[image: ]
Fig. S1. Multi-layer thermal dome with a half-sphere shape.








Step 1: By substituting , , and  of layer 1 and  into Eq. (S11), the effective thermal conductivity  is obtained, where  represents the thermal conductivity of layer 1 and  represents the thermal conductivity of the core.







Step 2: Considering  as the thermal conductivity of the new core region . By substituting , , and  of layer 2 and  into Eq. (S11), the effective thermal conductivity  is obtained.


Step 3: Adjust the parameters of layer 1 and layer 2 to ensure  equals .
The design for more layers can be summarized by the following formula:



, , .       (S12)
S3. Simulated transient temperature distributions
Fig. S2 illustrates the distribution of the temperature field during the heat transfer process at t = 1, 5, and 10 min. Simulation results reveal that the thermal dome can effectively reduce the disturbance caused by the object to the background during the transient process of establishing the temperature field. This is evident from comparing the cases with and without the thermal dome, as shown in Figs. S2(a–c), where the isotherms remain mostly straight in the presence of the thermal dome. To achieve precise cloaking functionality, one could consider employing transformation thermotics to design the thermal dome. However, this would require using anisotropic materials, which is not conducive to the large-scale promotion of thermal invisibility devices in engineering applications. Therefore, careful consideration of the pros and cons is required.

[image: ]
Fig. S2. Simulated temperature distributions at different times t as indicated. The first column corresponds to the case with the thermal dome, the second column correspond to the case without the thermal dome.

S4. Reconfigure from the inside out
The figure below shows the reconfiguration of the layers of the thermal dome from the inside out when the external thermal conductivity changes. Fig. S3(a) displays the simulation results, while Fig. S3(b) displays the reconfiguration process. It is important to note that when adding or removing layers from the inside, the innermost layer must always remain an insulating layer.

[image: ]
Fig. S3. (a) Simulation results after a two-layer thermal dome is reconfigured into a three-layer thermal dome. (b) The reconfiguration process, with attention to the fact that the innermost layer remains an insulating layer after reconfiguration.
S5. Performance under different temperature bias directions
To verify the three-dimensional functionality of the thermal dome, we analyzed its performance in different directions under various heat flux conditions. Fig. S4 depicts the temperature distribution of the groups with and without the thermal dome when the heat flux is applied vertically. For a quantitative comparison, we selected three observation planes and compared the temperature values on these planes with those of the reference group with pure background, as illustrated in Figs. S4(b–d) and (f–h). The results reveal that, regardless of the direction of observation, the presence of an object inside the thermal dome cannot be detected. However, based on the temperature distribution in the group without the thermal dome, it is easy to notice the presence of an object that differs from the background.

[image: ]
Fig. S4. Simulation results under vertical temperature bias. (a) The temperature distribution with the presence of a thermal dome. (b–d) The temperature differences in three observation planes compared to the reference group. (e) The temperature distribution without the thermal dome. (f–h) The temperature differences in three observation planes compared to the reference group. 

Next, we verified the performance of the thermal dome under a horizontal temperature bias, as illustrated in Fig. S5. Based on the results from the figures, we can reach the same conclusion as in the case of vertical heat flux, that external observers are unable to perceive the presence of an object inside the thermal dome based on the temperature distribution.

[image: ]
Fig. S5. Simulation results under horizontal temperature bias. (a) The temperature distribution with the presence of a thermal dome. (b–d) The temperature differences in three observation planes compared to the reference group. (e) The temperature distribution without the thermal dome. (f–h) The temperature differences in three observation planes compared to the reference group.

Then, we investigated a more complex scenario where the background temperature distribution is non-uniform. Without loss of generality, we set the bottom side of the background as the cold source and a cross-section in the upper left corner as the hot source. In this case, the temperature and isotherm distribution inside the sample are no longer uniform. The simulation results for both the thermal dome and the case without the thermal dome are shown in Figs. S6(a) and (e). The results indicate that the thermal dome cannot achieve a perfect cloaking effect when the background temperature is non-uniform. Furthermore, based on the temperature differences on the three observation planes, it can be observed that the temperature difference between the observation planes with the thermal dome and the reference group is about 1 K at maximum. However, the control group without the thermal dome has a maximum temperature difference of about 6 K compared to the reference group under the same conditions. Therefore, although the thermal dome does not completely eliminate the temperature disturbance caused by the object to the background, it still reduces the temperature disturbance by about 80% compared to the background, making it more difficult for external observers to detect the presence of an object inside, achieving a near-invisible effect.

[image: ]
Fig. S6. Simulation results under non-uniform temperature distribution. (a) The temperature distribution with the presence of a thermal dome. (b–d) The temperature differences in three observation planes compared to the reference group. (e) The temperature distribution without the thermal dome. (f–h) The temperature differences in three observation planes compared to the reference group.

Lastly, we conducted simulations where the direction of heat flow remained perpendicular, but the positions of the heat and cold sources were reversed. Figs. S7(a) and (b) respectively display the steady-state results without an internal heat source and the transient-state results with an internal heat source. The outcomes indicate that reversing the direction of the heat sources does not affect the functionality of the thermal dome.

[image: ]
Fig. S7. (a) Simulation results after reversing the positions of the cold and heat sources in a steady state. (b) Transient results after reversing the positions of the cold and heat sources when there is an internal heat source.

S6. Other shapes of thermal domes
Fig. S8 shows the simulation verification of thermal domes with different shapes. Fig. S8(a) shows a semi-elliptical thermal dome, and Fig. S8(b) shows a one-third spherical shell-shaped thermal dome. It is worth noting that the cloaking effect of the thermal dome in Fig. S8(a) is completely accurate, while the temperature distribution of the background is slightly disturbed in Fig. S8(b) because its shape exceeds theoretical design considerations. To achieve an accurate cloaking effect, other methods such as topological optimization [3,4] may be needed.

[image: ]
Fig. S8. Other shapes of thermal domes. (a) Semi-ellipsoidal shape. (b) One-third spherical shell shape. 

S7. Simulations of a thermal dome with contact interfaces
Thermal contact resistance (TCR) between reconfigurable parts is inevitable for practical applications, and its impact can be significant, especially at small scales. To simplify the analysis, TCR will first be analyzed macroscopically and then estimated using finite element simulations. Next, the discussion will focus on how to reduce the impact of TCR on thermal dome performance from two perspectives.
On a macroscopic scale, TCR is mainly caused by insufficient contact between the surfaces and the voids between them and is generally related to the mechanical and thermophysical properties of the materials involved. Additionally, the shape of the contact surface, pressure, temperature, and medium between the surfaces can also affect TCR. To investigate this, a series of simulations were conducted on the thermal dome with contact interfaces, and the results were compared to the case of perfect boundaries. For simplicity, the thermal dome was set to have two layers, with a high conductivity outer layer (κ = 85 W∙m−1∙K−1) and a low conductivity inner layer (κ = 55 W∙m−1∙K−1). The background material was set to κb = 23 W∙m−1∙K−1, and the core material was adiabatic. The inner radius of the inner layer was 10 cm, and both the inner and outer layers were 1 cm thick. The contact surface parameters were set as follows: contact pressure P = 50 kPa, microhardness of the softer material Hc = 167 MPa, surface roughness σ = 2 μm, surface roughness slope m = 0.2, and gap conductivity κgap = 0.023 W∙m−1∙K−1. Fig. S9(b) shows the simulation results of the thermal dome with contact interfaces. As shown, the stealth function of the thermal dome is still overall perfect, and the effect of contact interfaces is localized. In contrast, Fig. S9(a) shows the simulation results of a thermal dome without contact interfaces.

[image: ]
Fig. S9. (a) Simulation result of a thermal dome without contact interfaces. (b) Simulation performance of a thermal dome with contact interfaces.

In cases where high precision is not required, TCR in thermal domes can be reduced by increasing the pressure between the layers or by filling the different layers of the thermal domes with thermally conductive silicone grease to increase κgap. Additionally, improving the manufacturing precision to reduce surface roughness is also a viable method. With CNC machining or 3D printing, a very high level of precision can be achieved in actual manufacturing. From the experimental results in this paper, it can also be observed that, in practical applications, contact thermal resistance has a negligible effect on the thermal dome.
For applications with higher precision requirements or smaller scales, the impact of TCR must be taken into consideration. To reduce its influence, TCR can be modeled as a thin shell with low thermal conductivity. When calculating the thermal conductivity κd of the thermal dome, this layer is accounted for, and the parameters of the thermal dome are adjusted to minimize its impact. To demonstrate the feasibility of this approach, additional simulations were conducted. In Fig. S10(a), the impact of interface thermal resistance was deliberately exaggerated to highlight its effect on the functionality of the thermal dome. It can be observed that the isotherms are no longer straight, indicating a compromise in the cloaking functionality. Subsequently, the interface thermal resistance was treated as an additional layer with low thermal conductivity, and the thickness of the thermal dome was optimized to recover its cloaking functionality. As shown in Fig. S10(b), under the same conditions, by increasing the thickness of the thermal dome, the background isotherms returned to being straight, indicating a perfect restoration of the cloaking functionality.

[image: ]
Fig. S10. (a) Simulation results when interface thermal resistance severely impacts the functionality of the thermal dome. (b) Optimized simulation results of the thermal dome with interface thermal resistance, where its functionality is fully restored. 

Additionally, recent research [5,6] has proposed methods for designing three-dimensional perfect thermal cloaks that can be used to address the issue of TCR.
S8. Simulations of a thermal dome with heat convection
Dissipation is generally unavoidable in heat transfer processes and arises from two main sources: convective heat exchange with the surrounding environment and external radiation heat dissipation from the object itself. The simulation results for the case where heat convection occurs between the background and the external environment (Text = 270 K) are presented in Fig. S11. The effect of radiation-induced dissipation on heat transfer is similar and will not be discussed separately.
Fig. S11 displays the simulation results for different convection coefficients h. As shown in Figs. S11(a) and (g), dissipation causes a non-uniform temperature field, with the isotherms bending for the reference group with pure background. By comparing Figs. S11(e) and (k), it can be concluded that the thermal dome provides effective protection when dissipation does not significantly impact the original temperature field, namely, when the temperature field remains approximately uniform. However, if dissipation significantly affects the uniformity of the temperature field, the function of the thermal dome may be weakened. Nevertheless, as shown in Figs. S11(e) and (f), the thermal dome still provides some protection compared to the control group without the thermal dome.

[image: ]
Fig. S11. Simulation results when heat convection is present in the background at an external temperature of 270 K. (a, g) The results for the reference group with different convection coefficients h. (b, h) The case with a thermal dome; (e, k) the detailed temperature differences with the reference group in the chosen plane. (c, f, i, l) The cases without a thermal dome. 

S9. Experimental setups
The experimental setups to verify the function of the thermal dome are shown in Fig. S12.

[image: ]
Fig. S12. (a) Experimental setups. (b) The sample has cement as its background and a single-layer thermal dome. (c) The sample has stainless steel (316L) as its background and a multi-layer thermal dome. (d) Reconfiguration method for the thermal dome. 

S10. The impact of convection on the experiment
In our experiment, the functionality of the thermal dome in achieving invisibility was primarily assessed by observing whether the isotherms remained straight. To facilitate accurate observations, three sides of the sample were covered with foam, leaving only one side exposed as the observation face, which was a necessary step. As can be seen in Fig. S13(a), if convection occurs around all sides of the sample, the isotherms will naturally curve. Therefore, the straightness of the isotherms could not be used to verify the effectiveness of the dome under these conditions. However, when three sides are insulated and only the observation face is exposed to convection, the isotherms remain straight, as illustrated in Fig. S13(b). Hence, in our experiment, judging the functionality of the thermal dome based on the straightness of the isotherms is a credible method.

[image: ]
Fig. S13. (a) The temperature distribution on the surface of a sample made of pure background material when convective heat transfer occurs around all sides of the sample in the environment. (b) The temperature distribution on the surface of a sample made of pure background material when three sides are insulated from the environment and only the observation side is subject to convective heat transfer with the environment. 
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(


)


(


)


c1cd1c


ii


TT


rrrr


===


,


                                


(


S


2a


)


 


(


)


(


)


b1dd1d


ii


TT


rrrr


===


,


    


                            


(


S


2b


)


 


(


)


(


)


cd


c1cd1c


11


ii


TT


krrkrr


rr


¶¶


-==-=


¶¶


,


                           


(


S


2c


)


 


(


)


(


)


bd


b1dd1d


11


ii


TT


krrkrr


rr


¶¶


-==-=


¶¶


.


                           


(


S


2d


)


 


Based on 


Eq


. (S1)


, 


Eq


. (S2)


 


can be rewritten as


 


(


)


cddc


iiii


AAB


fr


=+


,


   


                              


(


S


3a


)


 


(


)


(


)


bbdddd


iiiiii


ABAB


frfr


+=+


,


                             


(


S


3b


)


 


(


)


(


)


d


ccdddc


c


2


i


iiii


B


AAB


g


kkfr


r


æö


-=++


ç÷


ç÷


èø


,


                           


(


S


3c


)


 


(


)


(


)


(


)


(


)


bd


bbbddddd


dd


22


ii


iiiiii


BB


ABAB


gg


kfrkfr


rr


æöæö


-++=-++


ç÷ç÷


ç÷ç÷


èøèø


.


                 


(


S


3d


)


 


Here we introduce the shape factors of the core, 


c


i


L


, and the dome, 


d


i


L


, along the 


i


x


 


axis,


 


(


)


(


)


(


)


c


c


1


c


2


1c1


d


2


i


i


g


L


lg


r


r


r


rr


¥


=


+


ò


,


                               


(


S


4a


)


 


(


)


(


)


(


)


d


d


1


d


2


1d1


d


2


i


i


g


L


lg


r


r


r


rr


¥


=


+


ò


,


   


                            


(


S


4b


)


 


with 


(


)


cc


i


i


gl


r


=


Õ


 


and 


(


)


dd


i


i


gl


r


=


Õ


. They satisfy the conditions 


cd


1


ii


ii


LL


==


åå


. Based on 


Eq.


 


(S4)


, we have


 




Supplementary Data for   Reconfigurable Three - Dimensional Thermal Dome   Yuhong Zhou   a , Fubao Yang   b , Liujun Xu   b , Pengfei Zhuang   a , Dong Wang   c,d , Xiaoping Ouyang   e, *, Ying Li   c,d, *,  Jiping  Huang   a, *   a   State Key Laboratory of Surface Physics & Key Laboratory of Micro -   and Nano - Photonic Structures ( Ministry   of Education), Department of Physics, Fudan University,  Shanghai 200438, China   b   Graduate School of China Academy of Engineering Ph ysics, Beijing 100193, China   c   International Joint Innovation Center, The Electromagnetics Academy at Zhejiang University, Zhejiang University, Haining 3144 00, China   d   State Key Laboratory of Extreme Photonics and Instrumentation & Key Laboratory of Advanc ed Micro - Nano Electronic Devices and Smart Systems and Applications of  Zhejiang Province, Zhejiang University, Hangzhou 310027, China   e   School of Materials Science and Engineering, Xiangtan University, Xiangtan 411105, China     * Corresponding authors.    E - mails addresses :   oyxp2003@aliyun.com (X. Ouyang), eleying@zju.edu.cn (Y. Li), jphuang@fudan.edu.cn (J. Huang).     S 1 .  Derivation procedure for solving the heat conduction equation   The temperature fields of the core, 

c

i

T

, dome, 

d

i

T

, and background, 

b

i

T

, are  

cc

iii

TAx



,                                                  ( S 1 a )  

 

 

ddd1

iiiii

TABx

 

,                                         ( S 1 b )  

 

 

bbb1

iiiii

TABx

 

,                                         ( S 1 c )   where 

c

i

A

, 

d

i

A

, 

d

i

B

, and 

b

i

B

  are four constants determined by boundary conditions, 

b

i

A

  is the applied temperature  gradient, and  

 

 

 

 

1

c

1

2

1111

d

ii

lg













.   The boundary conditions determined by the temperature and normal heat flux continuity are  

   

c1cd1c

ii

TT

 

,                                  ( S 2a )  

   

b1dd1d

ii

TT

 

,                                   ( S 2b )  

   

cd

c1cd1c

11

ii

TT











,                             ( S 2c )  

   

bd

b1dd1d

11

ii

TT











.                             ( S 2d )   Based on  Eq . (S1) ,  Eq . (S2)   can be rewritten as  

 

cddc

iiii

AAB

 

,                                    ( S 3a )  

   

bbdddd

iiiiii

ABAB

 

,                               ( S 3b )  

 

 

d

ccdddc

c

2

i

iiii

B

AAB

g















,                             ( S 3c )  

 

 

 

 

bd

bbbddddd

dd

22

ii

iiiiii

BB

ABAB

gg















.                   ( S 3d )   Here we introduce the shape factors of the core, 

c

i

L

, and the dome, 

d

i

L

, along the 

i

x

  axis,  

 

 

 

c

c

1

c

2

1c1

d

2

i

i

g

L

lg

















,                                 ( S 4a )  

 

 

 

d

d

1

d

2

1d1

d

2

i

i

g

L

lg

















,                                  ( S 4b )   with 

 

cc

i

i

gl





  and 

 

dd

i

i

gl





. They satisfy the conditions 

cd

1

ii

ii

LL





. Based on  Eq.   (S4) , we have  

