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geometry in thermal-electric field
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SUMMARY

The designed confocal elliptical core-shell structure can realize the omnidirec-
tional camouflage effect without disturbing temperature and electric potential
profiles as the directions of heat flux and electric current change. Based on the
anisotropy of the confocal ellipse, the anisotropic effective parameters of the
confocal elliptical core-shell structure are derived under different heat flux and
electric current launching. Then, the matrix material should be anisotropic as
the effective parameters to satisfy the omnidirectional camouflage effect, which
is demonstrated numerically. In addition, we present a composite structure to
realize the anisotropicmatrix. The experimental results show that the camouflage
device embedded in the composite structure can eliminate the scattering caused
by the elliptical core under different directions of heat flux and electric current,
thus achieving the omnidirectional thermal-electric camouflage effect experimen-
tally. The omnidirectional camouflage effect in thermal and electric fields can
greatly widen the application fields of this device with anisotropic geometry.

INTRODUCTION

Since the advent of transformation optics (Pendry et al., 2006) and neutral inclusion (Zhou and Hu, 2006; He

and Wu, 2013), metamaterials have been in the promising field, which have been successfully demon-

strated in various communities, such as optics (Pendry et al., 2006), electromagnetic waves (Schurig

et al., 2006; Chen and Chan, 2007; Rahm et al., 2008; Han and Zhang, 2020; Berry and Rumpf, 2020; Fakheri

et al., 2020; Asrafali et al., 2021), acoustics (Zhang et al., 2011; Popa et al., 2011), elastic mechanics

(Brun et al., 2009; Farhat et al., 2009), direct current (DC) electric fields (Yang et al., 2012; Jiang et al.,

2012; Han et al., 2014a; 2019; Feng and Ni, 2022a, 2022b), and thermotics (Fan et al., 2008; Narayana

and Sato, 2012; Guenneau et al., 2012; Narayana et al., 2013; Han et al., 2014b, 2018; Li et al., 2015,

2018, 2019, 2020, 2021, 2022; Yang et al., 2017, 2021; Xu et al., 2020a; Feng and Ni, 2022a, 2022b). These

metamaterials exhibit excellent performances in their certain conditions. With the further development

of research, the requirements of advanced and multiphysical metamaterials are much more desirable for

practical applications compared with previous metamaterials, which only work in a single physical field.

Thermal-electric metamaterials, which can control both temperature and electric fields, have attracted

extensive research interest. The thermal-electric metamaterial possessing both thermal and electrical

cloaking functionality was theoretically explored (Li et al., 2010). The thermal-electric cloaking effect using

a porous metamaterial structure was further experimentally demonstrated (Ma et al., 2014). A temperature-

dependent transformation method was established to realize different thermal-electric functions in tem-

perature-dependent backgrounds (Lei et al., 2021). Three representative devices with bilayer schemes

for manipulating coupled thermal-electric transport were also constructed (Qu et al., 2021). Recently,

some researchers have been devoted to study the metamaterials capable of satisfying the camouflage

effect in thermal-electric fields simultaneously using the method of neutral inclusion. Here, the thermal-

electric camouflage device refers to a device that can eliminate the scattering caused by any objects,

thus making these objects invisible in thermal and electric fields simultaneously, just as nothing exists along

the paths. The camouflage property can protect the objects and confuse the detector, which can be em-

ployed to design the illusion object possessing the same signatures as the target object to be protected,

especially in the aerospace field. Simultaneously, the camouflage effect can also be used to construct the

invisible sensors, which can sense and camouflage in multiphysical fields. The core coated by a monolayer

shell was constructed, which can camouflage in thermal-electric fields simultaneously to a certain extent
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(Yang et al., 2015). The core coated by a bilayer shell was further designed, which can camouflage in ther-

mal-electric field accurately (Zhang et al., 2021). References (Yang et al., 2015; Zhang et al., 2021) reveal the

circular thermal-electric camouflage effects from different perspectives, and the isotropic circular geome-

try leads to the isotropy of the matrix material for realizing the camouflage effect. However, according to

the practical application fields, the geometry of the camouflage device may not be limited to circles, and

the anisotropic geometries of confocal ellipse, diamond shape, rectangle, etc. have been employed in

other functional devices in specific environments. To expand the application fields of the camouflage de-

vice, some researchers started analyzing the thermal-electric camouflage effect with anisotropic geometry.

The ellipsoidal bifunctional thermal-electric camouflage device was designed, and the camouflage effect

was also analyzed (Zhang et al., 2020). Unfortunately, reference (Zhang et al., 2020) ignored the anisotropy

of matrix material caused by the anisotropic confocal ellipse, which leads to the disturbances of isothermal

lines and equipotential lines in the matrix under different directions of heat flux and electric current.

To eliminate the disturbances of temperature and electric potential fields caused by the geometric anisot-

ropy of the camouflage device omnidirectionally, the confocal elliptical core-shell structure based on the

anisotropic matrix is designed, inspired by the construction of omnidirectional thermal metadevices (Han

et al., 2018). The proposed confocal elliptical core-shell structure is suitable for different directions of heat

flux and electric current, which can achieve the omnidirectional camouflage effect of the elliptical core re-

gion in thermal and electric fields. In this paper, the elliptical core region represents the camouflage region,

and the elliptical shell region is denoted as the camouflage device. We derive the anisotropic effective pa-

rameters of confocal elliptical core-shell structure under different heat flux and electric current launching,

which coincide with the matrix material parameters. Then, we numerically demonstrate the omnidirectional

thermal-electric camouflage effect by applying the anisotropic matrix material described earlier. In addi-

tion, we construct a composite structure based on the effective medium theory and single-particle struc-

ture method to realize the anisotropic matrix, and the experiments are carried out to demonstrate the

omnidirectional camouflage effect based on the composite structure in thermal and electric fields. The

quantitative comparisons are also employed to make the experimental results much more convincing.

RESULTS AND DISCUSSION

The omnidirectional camouflage effect with anisotropic matrix material

To eliminate the disturbances of thermal and electric fields caused by the confocal elliptical core structure

when the directions of heat flux and electric current are unknown, the thermal and electric conductivities of

matrix material should coincide with the effective parameters of the core-shell structure. The detailed der-

ivations of anisotropic effectivematerial parameters of confocal elliptical core-shell structure are presented

in STAR Methods. As for the realization of the omnidirectional camouflage effect of the core region, we

need to define thematerial and geometric parameters of the core and shell to obtain the anisotropic matrix

material. Firstly, the materials of the core and shell are arbitrary. Here, we select air and 6061 aluminum as

the materials of core and shell. The material parameters of the core and shell are k1 = 0 W/(m*K), k2 = 155

W/(m*K) for the thermal conductivity and s1 = 0 S/m, s2 = 2.49E7 S/m for the electric conductivity, respec-

tively (Zhang et al., 2020). Secondly, the geometric parameters of the core and shell are given as lc1 = 3cm,

lc2 = 2cm and ls1 = 4.72cm, ls2 = 4.16cm, respectively based on the confocal characteristics of elliptical core-

shell structure and the geometric parameter optimization. Finally, the anisotropic effective thermal and

electrical conductivities of the matrix could be calculated under different heat flux or electric current direc-

tions based on the Equations 9 and 10 to design the omnidirectional confocal elliptical camouflage device

in thermal and electric fields.

The finite element numerical simulations have been conducted to demonstrate the omnidirectional cam-

ouflage effect of the elliptical air core under different directions of heat flux and electric current (4 = 0�, 45�

and 90�) according to thematerial and geometric parameters described earlier. The temperature boundary

conditions of the computational domain are set to 293.15 and 273.15K, and the other sides are set to insu-

lation boundary conditions. The simulation results of temperature profiles are shown in Figure 1, in which

the field distributions are normalized by the maximum and minimum values. For comparison, we simulate

three different models. Figures 1A, 1B, and 1C represent the normalized temperature fields of models with

anisotropic matrix material, air core without confocal elliptical camouflage device, and air core with

confocal elliptical camouflage device, respectively under the horizontal (4 = 0�) heat flux launching. For

the oblique heat flux launching (4 = 45�) (or vertical heat flux launching (4 = 90�)), Figures 1D, 1E, and 1F
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(or Figures 1G, 1H, and 1I) represent the normalized temperature fields of the same models corresponding

to Figures 1A, 1B, and 1C, respectively.

Compared with the normalized temperature fields of themodels with anisotropic matrix material illustrated

in Figures 1A, 1D, and 1G, it can be obviously found that the air core embedded into the matrix will cause

the disturbances of isothermal lines with different directions of heat flux because of the different thermal

conductivities of air core and matrix, as shown in Figures 1B, 1E, and 1H. Then, the disturbances of

isothermal lines will be eliminated under the work of the confocal elliptical camouflage device, and the

Figure 1. Normalized temperature distributions with different directions of heat flux

(A, D, and G) The normalized temperature distributions of model with anisotropic matrix.

(B, E, and H) The normalized temperature distributions of model with a pure air core embedded in the anisotropic matrix.

(C, F, and I) The normalized temperature distributions of model with an air core coated by the elliptical camouflage device. The white solid lines represent the

isothermal lines.
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isothermal lines in the matrix become straight again, as shown in Figures 1C, 1F, and 1I. It means that no

matter the directions of heat flux are 0�, 45�, and 90�, the camouflage device embedded in the anisotropic

matrix material can eliminate the disturbances of isothermal lines caused by the elliptical air core, thus

achieving the omnidirectional thermal camouflage effect of the core.

The prior analyses mainly focus on the normalized temperature fields. As for the electric fields, the camou-

flage device still works with different directions of electric current. Here, we define the electric boundary

conditions as 5 and 0V, and the other sides still remain insulated. The electric distributions normalized by

Figure 2. Normalized electric distributions with different directions of electric current

(A, D, and G) The normalized electric distributions of model with anisotropic matrix.

(B, E, and H) The normalized electric distributions of model with a pure air core embedded in the anisotropic matrix.

(C, F, and I) The normalized electric distributions of model with an air core coated by the elliptical camouflage device. The black solid lines represent the

equipotential lines.
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the maximum and minimum values are presented in Figure 2 numerically, in which the first row (Figures 2A,

2B, and 2C), the second row (Figures 2D, 2E, and 2F), and the third row (Figures 2G, 2H, and 2I) correspond to

the horizontal (4=0�), oblique (4=45�), and vertical (4=90�) electric current launching, respectively, and the

first column (Figures 2A, 2D, and 2G), the second column (Figures 2B, 2E, and 2H), and the third column

(Figures 2C, 2F, and 2I) represent the normalized electric fields of models with anisotropic matrix material,

air core without confocal elliptical camouflage device, and air core with confocal elliptical camouflage de-

vice, respectively. Similar to the results of temperature distributions, the disturbances of equipotential lines

in the Figures 2B, 2E, and 2H with different directions of electric current have been eliminated in the

Figures 2C, 2F, and 2I under the work of the camouflage device, and the electric distributions of matrix in

the Figures 2C, 2F, and 2I coincide with those in the Figures 2A, 2D, and 2G, thus realizing the omnidirec-

tional electric camouflage effect. Based on the prior analyses, we have numerically demonstrated the theory

of the anisotropic effective parameters presented in STAR Methods, indicating that the confocal elliptical

camouflage device embedded in the anisotropic matrix material can omnidirectionally eliminate the scat-

terings caused by the elliptical air core in thermal and electric fields perfectly.

Further, we quantitatively analyze the omnidirectional camouflage effect. For quantitative comparison, we

export the temperature gradient and electric potential gradient on the dashed lines in Figures 1 and 2.

Figure 3. The normalized electric potential or temperature gradients along the dashed lines

(A) The normalized gradients under the horizontal (4 = 0�) heat flux and electric current launching.

(B) The normalized gradients under the oblique (4 = 45�) heat flux and electric current launching.

(C) The normalized gradients under the vertical (4 = 90�) heat flux and electric current launching. Model-1, Model-2 and Model-3 represent the models with

anisotropic matrix material, the air core without confocal elliptical camouflage device, and the air core with confocal elliptical camouflage device,

respectively.

Figure 4. The experimental samples whose sizes are 18 3 18 cm with a thickness of 2 mm

(A) The reference experimental sample with only the air core in the composite structure of the matrix.

(B) The functional experimental sample with the camouflage device wrapped around the air core in the composite

structure of the matrix.
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Because the temperature and electric distributions have been normalized by the maximum and minimum

values, the temperature gradients along the dashed lines coincide with the electric potential gradients. The

results corresponding to horizontal (4 = 0�), oblique (4 = 45�), and vertical (4 = 90�) directions of heat flux
and electric current are presented in Figures 3A, 3B, and 3C, respectively.

It could be seen from Figure 3 that the electric potential or temperature gradients of Model-1 and Model-3

are consistent on the dashed lines under different directions of heat flux and electric current. However, the

electric potential or temperature gradient of Model-2 in the matrix is a value that changes with length,

which varies from 5.03 (1/m) to 6.54 (1/m) for 4 = 0�, from 4.59 (1/m) to 7.04 (1/m) for 4 = 45�, and from

4.88 (1/m) to 7.49 (1/m) for 4 = 90�. It means that owing to the function of confocal elliptical camouflage

device, the disturbances of temperature and electric potential fields caused by the elliptical air core are

eliminated, and the completely different electric potential or temperature gradient of Model-2 will tend

to the values presented in Model-1 and Model-3. Through the earlier discussions, we have numerically

demonstrated the feasibility of the anisotropic matrix material, which is capable of realizing the omnidirec-

tional thermal-electric camouflage effect of the elliptical air core.

Experimental demonstration of the omnidirectional camouflage effect

In the previous section, the anisotropic matrix is used to design the omnidirectional confocal elliptical

camouflage device. However, the anisotropic matrix also limits the practical experimental implementa-

tion. To overcome the limitation of the anisotropic matrix and keep the camouflage effect, we further

design a composite structure with natural materials (Figure S2C) to realize the anisotropic matrix. The

Figure 5. The diagrams of experimental setups

(A) Thermal experimental setup.

(B) Electric experimental setup.

(C) The reference experimental sample.

(D) The functional experimental sample.
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detailed processing approaches are shown in STAR Methods. Then, based on the composite structure of

the matrix, the experiments are carried out to demonstrate the omnidirectional camouflage effect of the

elliptical air core. Here, considering the operability and flexibility of the experimental setups and data

collections, we mainly discuss the conditions with horizontal and vertical directions of heat flux and elec-

tric current.

Experimental samples

We fabricate two experimental samples by utilizing laser cutting of a 6061 aluminum plate. The core region

is carved with an air ellipse with a major (or minor) semiaxis of 3 cm (or 2 cm) embedded in the middle of the

6061 aluminum plate. The shell region (camouflage device) is still 6061 aluminum with a major (or minor)

semiaxis of 4.72 cm (or 4.16 cm) wrapped around the core. The matrix composed of 6061 aluminum and

air circular holes is an alternating-multilayered structure with 36 layers, each of which is 0.5 cm thick. The

radii of the air circular holes in the background are 0.075 and 0.2 cm for the alternating layers, respectively.

Figure 4A (Figure 4B) represents the experimental sample that the air core without (with) camouflage de-

vice is embedded in the composite structure of the matrix.

Experimental setups

The diagrams of thermal and electric experimental setups are shown in Figure 5. In the thermal experi-

mental setup, temperature on one side of the sample is achieved by a heating device, whereas the other

side is connected to the mixture of ice and water. Simultaneously, the insulated plastic films are deposited

on the surface of each sample to eliminate the high reflection by 6061 aluminum and thermal convection by

air. We use the Flir E5 infrared camera to obtain the temperature profiles of the samples. As for the electric

experiment, a powerful DC current source device is used to provide a large electric current passing through

the samples. Simultaneously, the 34401A digital multimeter is employed to detect the electric profiles of

the samples. To demonstrate the omnidirectional camouflage effect of the air core, we conduct two exper-

iments corresponding to the horizontal (4 = 0�) and vertical (4 = 90�) directions of heat flux and electric cur-

rent, respectively.

Experimental results

Figures 6A and 6D represent the experimental-normalized temperature fields of the experimental sam-

ples corresponding to Figures 4A and 4B, respectively, under the horizontal heat flux launching (4 = 0�).
For the vertical heat flux launching (4 = 90�), Figures 6G and 6J represent the experimental-normalized

temperature fields of the same models corresponding to Figures 6A and 6D, respectively. It is clearly

seen that when the heat flux is along the horizontal direction, the air core without confocal elliptical cam-

ouflage device could distort isothermal lines in the matrix (Figure 6A), thus making itself visible by the

thermal detector. When the air core is coated by the confocal elliptical camouflage device, the

isothermal lines return to be uniform (Figure 6D), which makes the air core camouflage in the matrix

to be perfect. As the heat flux is along the vertical direction, the disturbances of temperature field

caused by the elliptical air core (Figure 6G) are still eliminated under the function of a confocal elliptical

camouflage device (Figure 6J). To make the experimental results more convincing, we further perform

the finite element numerical simulations using the theoretically derived material parameters. The geo-

metric parameters of the simulation models are consistent with the experiments. Figures 6B and 6E

represent the normalized simulation results with 4 = 0� corresponding to the experimental results Figur-

es 6A and 6D, respectively. Similarly, Figures 6H and 6K represent the normalized simulation results with

4 = 90� corresponding to experimental results Figures 6G and 6J, respectively. Obviously, the isothermal

lines are disturbed and bend to the elliptical air core under horizontal heat flux (Figure 6B) or vertical

heat flux (Figure 6H) launching, and the disturbances will be eliminated when the confocal elliptical cam-

ouflage device is applied around the air core illustrated in Figures 6E or 6K. For quantitative comparison,

we export the normalized temperature on the dashed lines in Figure 6. Figures 6C and 6F (or Figures 6I

Figure 6. Normalized temperature distributions

(A and D) The experimental measurements of thermal fields under the horizontal heat flux launching.

(G and J) The experimental measurements of thermal fields under the vertical heat flux launching.

(B and E) The theoretical predictions of thermal fields under the horizontal heat flux launching.

(H and K) The theoretical predictions of thermal fields under the vertical heat flux launching.

(C, F, I, and L) The quantitative comparisons between the experimental measurements and theoretical predictions corresponding to different directions of

heat flux.
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and 6L) exhibit the comparisons between the experimental measurements and theoretical predictions

corresponding to horizontal (4 = 0�) (or vertical (4 = 90�)) direction of heat flux. It could be seen from

the normalized temperature presented in Figures 6C, 6F, 6I, and 6L that the experimental results are

in good agreement with the theoretical results under different directions of heat flux, despite whether

the air core is wrapped by the camouflage device or not, thus demonstrating the feasibility of the com-

posite structure of matrix.

Similar to Figure 6, the experimental normalized electric distributions with different directions of electric

current are presented in Figure 7. Figures 7A and 7D reflect the experimental normalized electric profiles

of these two experimental samples illustrated in Figures 4A and 4B, respectively, under the horizontal elec-

tric current launching (4 = 0�). For the vertical electric current launching (4 = 90�), Figures 7G and 7J reflect

the experimental-normalized electric profiles of the same models described earlier. The experimental re-

sults of electric camouflage effects for the elliptical air core are as perfect as the thermal camouflage ef-

fects. Simultaneously, the numerical simulations combining the theoretically derived material parameters

are also carried out to demonstrate the feasibility of the proposed experimental electric camouflage ef-

fects. Similar to the thermal simulation results, the electric simulation results are illustrated in

Figures 7B, 7E, 7H, and 7K, which are in good agreement with the corresponding experimental results.

The comparisons between the experimental measurements and theoretical predictions of normalized elec-

tric potential are further proceeded, and the comparison results illustrated in Figures 7C, 7F, 7I, and 7L are

consistent with those in Figure 6, thus quantitatively validating the reliability of the experimental electric

camouflage results with composite structure from another perspective.

Based on the described experiment and simulation analyses, we obtain that whether the directions of heat

flux and electric current are horizontal or vertical, the confocal elliptical camouflage device embedded in

the composite structure of matrix could achieve the camouflage effects of the elliptical air core perfectly

without disturbing the temperature and electric potential fields, thus realizing the design of the omnidirec-

tional camouflage device with anisotropic confocal elliptic geometry in thermal-electric field successfully.

Conclusions

The key to the design of an omnidirectional camouflage device with anisotropic confocal elliptic geometry

lies in the realization of anisotropic matrix material. Owing to the anisotropy of confocal elliptic geometry,

the anisotropic thermal and electrical conductivities of matrix material are derived under the vertical and

horizontal heat flux and electric current launching. The numerical simulations combining the derived aniso-

tropic material parameters are also carried out to realize the perfect performances of omnidirectional

camouflage effect in thermal and electric fields. We further design a composite structure to realize the

anisotropic matrix for the experimental implementation. The experiment results indicate that the distur-

bances of isothermal lines and equipotential lines in the composite structure of matrix of the reference

model are eliminated under the work of camouflage device with different directions of heat flux and electric

current, thus achieving the omnidirectional thermal-electric camouflage effect experimentally. The com-

parisons between the experimental measurements and theoretical predictions are further completed to

validate the reliability of the experimental results. Our results and the fabrication technique will broaden

the research scopes for multiple physical fields, such as electromagnetic waves, acoustics, elastic me-

chanics, etc., and may pave a way to manipulate these physical fields omnidirectionally and create new

functional devices.

Limitations of the study

In this study, we proposed the omnidirectional thermal-electric camouflage device with anisotropic

confocal elliptic geometry and used the air and 6061 aluminum to construct the experimental samples.

It would bemore interesting and valuable to expand the range of materials for the experimental implemen-

tation to overcome the limitations of the resistance along the interface of different materials.

Figure 7. Normalized electric distributions

(A and D) The experimental measurements of electric fields under the horizontal electric current launching.

(G and J) The experimental measurements of electric fields under the vertical electric current launching.

(B and E) The theoretical predictions of electric fields under the horizontal electric current launching.

(H and K) The theoretical predictions of electric fields under the vertical electric current launching.

(C, F, I, and L) The quantitative comparisons between the experimental measurements and theoretical predictions corresponding to different directions of

electric current.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Our study does not use experimental models typical in the life sciences.

METHOD DETAILS

Anisotropic effective parameters of confocal elliptical core-shell structure

Considering the condition that the effective thermal and electric conductivities of confocal elliptical core-

shell structure will be changed as the heat flux or electric current flows along different axes, we first derive

the anisotropic effective thermal and electric conductivities based on the neutral inclusion method.

It could be seen from Figure S1 that regions I, II and III represent the core, shell, and matrix, respectively.

We also use ki and si (i = 1, 2, 3) to represent the thermal conductivities and electrical conductivities of the

regions described above. The semi-axes of the core and shell are denoted as lci and lsi (i = 1, 2), respec-

tively. Considering the confocal elliptical core-shell structure presented in a uniform thermal (or electric po-

tential) gradient field along the x direction without heat (or electric) source, the temperature and electric

potential profiles in different regions can be expressed as below (Milton, 2004)

8><
>:

T1 =A1x

Ti =Aix +Bix

Z r

rc

dr

ðr+ lc2
1ÞgðrÞ

(Equation 1)

8><
>:

41 =C1x

4i =Cix +Dix

Z r

rc

dr

ðr+ lc21ÞgðrÞ
(Equation 2)

where T1 (or 41) represents the temperature (or electric potential) of the core. Ti (or 4i) (i = 2,3) represent the

temperature (or electric potential) of the shell and matrix, respectively.
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Then, we use the mathematical methods (Xu et al., 2020b) to proceed the partial derivatives and integra-

tions in Equations 1 and 2.

vx

vr
=

x

2ðr+ lc21Þ
(Equation 3)

Z rs

rc

dr

ðr+ lc21ÞgðrÞ
=

Z N

rc

dr

ðr+ lc21 ÞgðrÞ
�
Z N

rs

dr

ðr+ lc2
1ÞgðrÞ

=
2

gðrcÞ
Lc1 � 2

gðrsÞ
Ls1 (Equation 4)

where gðrcÞ and gðrsÞ are the area parameters of the core and shell, respectively. Among which, gðrcÞ=ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðlc21 + rcÞ ðlc22 + rcÞ

q
= lc1 lc2 andgðrsÞ =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðlc21 + rsÞ ðlc22 + rsÞ

q
= ls1 ls2. rc (rc = 0) denotes the confocal ellip-

tical core surface with semi-axis lci (i = 1, 2). rs presents the confocal elliptical shell surface with semi-axis lsi
(i = 1, 2). Lc1 and Ls1 are the depolarizing factors along x axis of the core and shell, respectively. For confocal

ellipse, Lc1 =
lc2

lc1 + lc2
and Ls1 = ls2

ls1 + ls2
.

The associated boundary conditions combining the Equations 1, 2, 3 and 4 are as follows.

1. The thermal and electric fields in the matrix are uniformly distributed:

�
B3 = 0
D3 = 0

(Equation 5)

2. The temperature and electric potential are continuous along the elliptical core surface (rc ) and shell

surface (rs):

8>>>>>>>>><
>>>>>>>>>:

A1 =A2

C1 =C2

A3 =A2 + 2B2

�
Lc1
lc1lc2

� Ls1
ls1ls2

�

C3 =C2 + 2D2

�
Lc1
lc1lc2

� Ls1
ls1ls2

�
(Equation 6)

3. The heat flux and electric current are also continuous along the elliptical core surface (rc ) and shell

surface (rs):

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

k1A1 = k2

�
A2 +

2B2

lc1lc2

�

s1C1 = s2

�
C2 +

2D2

lc1lc2

�

k3A3 = k2

�
A2 +

2B2

ls1ls2
+ 2B2

�
Lc1
lc1lc2

� Ls1
ls1ls2

��

s3C3 = s2

�
C2 +

2D2

ls1ls2
+ 2D2

�
Lc1
lc1lc2

� Ls1
ls1ls2

��

(Equation 7)

Meanwhile, the relationship between the semi-axes of the core and shell could be obtained due to the

confocal properties of the elliptical core-shell structure.

ðlc1Þ2 �ðlc2Þ2 = ðls1Þ2 � ðls2Þ2 (Equation 8)

Based on the above discussions, the effective thermal and electric conductivities of confocal elliptical core-

shell structure under the horizontal direction (x direction) of heat flux and electric current could be obtained

by solving Equations 5, 6, 7 and 8.

8>>><
>>>:

keff x = k2 +
k2ðk1 � k2ÞP1

k2 + ðk1 � k2Þ ðLc1 � P1 Ls1Þ

seff x = s2 +
s2ðs1 � s2ÞP1

s2 + ðs1 � s2Þ ðLc1 � P1 Ls1Þ

(Equation 9)
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where k1 and k2 are the thermal conductivities of the core and shell.s1 and s2 are the electric conductivities

of the core and shell. P1 is the area fraction of the core for the shell, and P1 = lc1 lc2
ls1 ls2

.

Due to the geometric anisotropy of confocal ellipse, the effective thermal and electric conductivities of

confocal elliptical core-shell structure will be changed when the heat flux and electric current flow along

the y direction. Similar to the derivation of x-directional parameters, the effective thermal and electrical

conductivities under vertical heat and electric launching could be obtained below.

8>>><
>>>:

keff y = k2 +
k2ðk1 � k2ÞP1

k2 + ðk1 � k2Þ ðLc2 � P1 Ls2Þ

seff y = s2 +
s2ðs1 � s2ÞP1

s2 + ðs1 � s2Þ ðLc2 � P1 Ls2Þ

(Equation 10)

where Lc2 and Ls2 are the depolarizing factors along y axis of the core and shell, respectively. For confocal

ellipse, Lc2 =
lc1

lc1 + lc2
and Ls2 = ls1

ls1 + ls2
.

To sum up, the anisotropic effective thermal and electrical conductivities of the confocal elliptical core-

shell structure could be obtained by solving Equations 9 and 10 simultaneously.

A composite structure with natural materials

The specific process of constructing the composite structure consists of two steps, as shown in Figure S2.

Firstly, the anisotropicmatrix illustrated in Figure S2A is transformed into alternating-multilayered structure

illustrated in Figure S2B based on the effective medium theory (Guenneau et al., 2012), and the alternating-

multilayered structure possesses isotropic material parameters for each layer. However, the isotropic ma-

terial parameters of each layer are arbitrary, not natural materials. Then, as for each layer of material, we use

the single-particle structure method (Yang et al., 2017) to design particle structure composed of natural

materials to satisfy the arbitrary thermal and electric conductivities, simultaneously. The thermal and elec-

tric conductivities of the particle structure can be obtained as follows.

8>>>><
>>>>:

ki th = kb +
2kb

�
ka � kb

	
f1

2kb +
�
ka � kb

	 ð1� f1 Þ

si th = sb +
2sb

�
sa � sb

	
f1

2sb +
�
sa � sb

	 ð1� f1 Þ

(Equation 11)

8>>><
>>>:

kj th = kh +
2khðkε � khÞf2

2kh + ðk
ε
� khÞ ð1� f2 Þ

sj th = sh +
2shðsε

� shÞf2
2sh + ðs

ε
� shÞ ð1� f2 Þ

(Equation 12)

where ki th, kj th and sith, sjth (i = 1, 3, 5.) (j= 2, 4, 6.) are the arbitrary thermal and electric conductivities of

different layers, respectively. ka, kb, kε, kh and sa sb, sε, sh are the thermal and electric conductivities of nat-

ural materials, respectively. f1 and f2 are the area fractions of the particle structures, and f1 =
pr2

1

a2
, f2 =

pr2
2

a2
. r1

and r2 are the radii of the circular particles. a is the side length of a square.

When the side length of the square and the natural material parameters satisfying the concept of neutral

inclusion are given, the radii of the circular particles could be calculated based on Equations 11 and 12 to

realize the arbitrary isotropic material parameters for each layer. Finally, through the array of the particle

structures, the construction of anisotropic matrix could be realized illustrated in Figure S2C, whichmay pro-

vide a suggestion to realize anisotropic thermal and electric conductivities using composite structure with

natural materials.

Next, we further verify the feasibility of the proposedmethod. The theoretical anisotropic thermal and elec-

trical conductivities of matrix illustrated in Figure S2A could be calculated based on the Equations 9 and 10.

After that, we use the simulation method to calculate the effective thermal and electrical conductivities of

the structure presented in Figure S2C. The theoretical and simulation results of anisotropic thermal and

electrical conductivities are presented below.
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It can be obtained that the error between theoretical result and simulation result of kx or sx is controlled at

about 3%, and the error between theoretical result and simulation result of ky or sy is controlled at about

4%, which indicates that the simulation results agree well with the theoretical results, thus verifying the

feasibility of the proposed method.

QUANTIFICATION AND STATISTICAL ANALYSIS

Our study does not include quantification or statistical analysis.

The theoretical and simulation results of anisotropic thermal and electrical conductivities

Anisotropic parameters Theoretical results (TR) Simulation results (SR) (SR-TR)/TR

kx W/(m*K) 91.22 94.03 3%

ky W/(m*K) 70.75 73.58 4%

sx S/m 1.47E7 1.51E7 2.7%

sy S/m 1.14E7 1.18E7 3.5%
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