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a b s t r a c t 

Temperature measurement is particularly significant for various fields such as industrial production and 

daily life, so high-performance thermal sensors become indispensable. However, bare thermal sensors 

inevitably distort original temperature profiles, making them inaccurate and thermally visible. Differ- 

ent from existing methods, here we propose an anisotropic monolayer scheme to avoid thermal sensors 

from distorting local and background temperature profiles, making them accurate and thermally invisi- 

ble. For arbitrarily given thermal conductivities of sensors and backgrounds, we design metashells with 

anisotropic thermal conductivities, and perform finite-element simulations in two or three dimensions. 

We further experimentally fabricate a metashell with anisotropic thermal conductivity based on the ef- 

fective medium theory, which confirms the feasibility of our scheme. Our results are beneficial to advance 

the performance of thermal detection, and may also provide guidance for other physical fields. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Temperature measurement has broad applications, which re-

uires thermal sensors to have high sensitivity. However, the dis-

ortion of temperature profiles, resulting from thermal sensors

hemselves, cannot be avoided by only improving sensitivity. A se-

ere problem lies in the thermal-conductivity mismatch between

ensors and backgrounds. Similar problem (parametric mismatch)

lso occurs in some other fields, and promotes relevant researches

n electromagnetism [1,2] , magnetics [3] , and acoustics [4–6] . 

To solve the above-mentioned problem in thermotics, many

chemes were proposed based on neutral inclusion [7] or transfor-

ation thermotics [8] . Furthermore, a multiphysical scheme was

roposed by coating a sensor with an isotropic shell [9] . Though

hese schemes improve the performance of thermal detection, they

re also faced with problems of complex parameters and techno-

ogical difficulty. For the scheme based on transformation ther-

otics [8] , anisotropic, nonuniform, and even negative thermal

onductivities are required, which makes its experimental real-

zation extremely difficult. For the scheme based on an isotropic

hell [7,9–11] , local temperature profiles are still different from the
∗ Corresponding authors. 
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riginal ones, making thermal detection inaccurate. Here, “local”

ndicates the region occupied by a sensor. To improve accuracy, one

hould minimize the thickness of the isotropic shell, which, how-

ver, still cannot remove inaccuracy completely, and also results in

abrication difficulty. In this sense, to date, thermal sensors with

oth accuracy and invisibility are still experimentally lacking. Here,

ccuracy and invisibility respectively indicate that local and back-

round temperature profiles are not distorted. 

Different from existing methods [7–11] , here we propose an

nisotropic monolayer scheme which can accurately measure local

emperature profiles without disturbing background thermal fields.

t is worth noting that similar scheme has been successfully ap-

lied to design other thermal functions, such as cloaking [12–14] ,

oncentrating [13–15] , and chameleon [16,17] . The present scheme

s applicable for arbitrarily given thermal conductivities of back-

rounds and sensors, which is confirmed by finite-element simula-

ions in two or three dimensions. Furthermore, we experimentally

abricate a metashell with anisotropic thermal conductivity based

n the effective medium theory [18–22] , and the experimental re-

ults agree well with the theory and finite-element simulations. 

. Theoretical design 

We start by discussing a two-dimensional system shown in

ig. 1 . The system is divided by a metashell (Area II) into three

https://doi.org/10.1016/j.ijheatmasstransfer.2020.120437
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
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Fig. 1. Schematic diagram of the anisotropic monolayer scheme. 
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areas, whose thermal conductivities are κ1 for sensor (Area I),

κ2 = 

(
κrr 0 

0 κθθ

)
for metashell (Area II), and κ3 for background

(Area III). κ2 is expressed in cylindrical coordinates ( r , θ ), where κ rr 

and κθθ are radial and tangential thermal conductivities, respec-

tively. We consider the known equation describing passive heat
Fig. 2. Case with κ1 < κ3 . The simulation box is 18 × 18 cm 

2 , R 1 = 3 cm, and R 2 = 6 cm

and hot source (right boundary) are set at 283 and 313 K, respectively. The thermal cond

he same, i.e., 222.5 W m 

−1 K −1 . The thermal conductivities of sensor (Area I) and backgro

thermal conductivities of (c) isotropic shell and (d) anisotropic metashell are 277.3 and 

(

onduction at steady states, 

 ·
(
−κ · ∇ T 

)
= 0 , (1)

here κ and T are thermal conductivity and temperature, respec-

ively. 

Eq. (1) can be expanded in cylindrical coordinates as 

1 

r 

∂ 

∂r 

(
rκrr 

∂T 

∂r 

)
+ 

1 

r 

∂ 

∂θ

(
κθθ

∂T 

r∂θ

)
= 0 . (2)

The general solution to Eq. (2) is 

 = A 0 + B 0 ln r + 

∞ ∑ 

i =1 

[ A i sin ( iθ ) + B i cos ( iθ ) ] r im 1 

+ 

∞ ∑ 

j=1 

[
C j sin ( jθ ) + D j cos ( jθ ) 

]
r jm 2 , (3)

here m 1 = 

√ 

κθθ /κrr and m 2 = −
√ 

κθθ /κrr , representing

nisotropy degree. 

The temperature profiles of sensor (Area I), metashell (Area II),

nd background (Area III) are respectively denoted as T 1 , T 2 , and

 3 , which satisfy the general solution in Eq. (3) . Especially, T 1 and

 3 can be given by the right side of Eq. (3) with m 1 = 1 and

 2 = −1 . Boundary conditions are determined by the continuities
. Black lines represent isotherms. The temperatures of cold source (left boundary) 

uctivities of (a) reference (all areas) and (b) reference shell (Area II) are set to be 

und (Area III) in (b)-(d) are set to be 108.2 and 222.5 W m 

−1 K −1 , respectively. The 

178 . 0 0 

0 349 . 0 

)
W m 

−1 K −1 , respectively. 
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Fig. 3. Quantitative comparison of Fig. 2 . Temperature-difference distributions with (a) the temperature in Fig. 2 (c) minus that in Fig. 2 (a) and (b) the temperature in Fig. 2 (d) 

minus that in Fig. 2 (a). (c) Temperature-gradient distributions on Line 1 in Fig. 2 . (d) Temperature distributions on Line 2 in Fig. 2 . 
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T 1 ( R 1 ) = T 2 ( R 1 ) , 

T 2 ( R 2 ) = T 3 ( R 2 ) , (
−κ1 

∂T 1 
∂r 

)
R 1 

= 

(
−κrr 

∂T 2 
∂r 

)
R 1 

, (
−κrr 

∂T 2 
∂r 

)
R 2 

= 

(
−κ3 

∂T 3 
∂r 

)
R 2 

. 

(4) 

Considering the symmetry of boundary conditions, we only

eep certain terms in Eq. (3) as the temperature profiles of three

reas, 

 1 = A 0 + Ar cos θ, (5)

 2 = A 0 + Br m 1 cos θ + Cr m 2 cos θ, (6)

 3 = A 0 + Dr cos θ + Er −1 cos θ, (7)

here the temperature at θ = ±π/ 2 is defined as A 0 , and D =
 ∇ T 0 | is the modulus of an external linear thermal field ∇T 0 . 

We have six undetermined coefficients (i.e., A, B, C, E, κ rr , and

θθ ) and only four equations [ Eq. (4) ]. The other two equations are

o make thermal sensors accurate and thermally invisible, 

A = D, 

E = 0 , 
(8) 
here A = D indicates that the local temperature profile is the

ame as the background temperature profile, making a thermal

ensor accurate; and E = 0 indicates that the background tempera-

ure profile is undistorted, making a thermal sensor invisible. 

Then, the six unknown coefficients can be uniquely determined

y six equations [ Eqs. (4) and (8) ], including the anisotropic ther-

al conductivity of the metashell κ2 = 

(
κrr 0 

0 κθθ

)
. Therefore,

hermal sensors with accuracy and thermal invisibility in two di-

ensions are designed. 

On the same footing, we extend the two-dimensional theory

o three dimensions. Accordingly, the thermal conductivity of the

etashell is denoted as κ2 = 

( 

κrr 0 0 

0 κθθ 0 

0 0 κϕϕ 

) 

with κθθ = κϕϕ .

hen, Eq. (1) can be expanded in spherical coordinates ( r , θ , ϕ) as

1 

r 2 
∂ 

∂r 

(
r 2 κrr 

∂T 

∂r 

)
+ 

1 

r 

1 

sin θ

∂ 

∂θ

(
sin θκθθ

∂T 

r∂θ

)
= 0 , (9) 

here ϕ is neglected because we consider a rotational symmetric

ase. 

The general solution to Eq. (9) is 

 = 

∞ ∑ 

i =0 

( A i r 
s 1 + B i r 

s 2 ) P i ( cos θ ) , (10) 
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Fig. 4. Case with κ1 > κ3 . The thermal conductivities of (a) reference (all areas) and (b) reference shell (Area II) are set to be the same, i.e., 251.8 W m 

−1 K −1 . The thermal 

conductivities of sensor (Area I) and background (Area III) in (b)-(d) are set to be 397.0 and 251.8 W m 

−1 K −1 , respectively. The thermal conductivities of (c) isotropic shell 

and (d) anisotropic metashell are 217.5 and 

(
308 . 0 0 

0 104 . 0 

)
W m 

−1 K −1 , respectively. Other parameters are the same as those for Fig. 2 . 
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where s 1 = 

[ 
−1 + 

√ 

1 + 4 i ( i + 1 ) κθθ /κrr 

] 
/ 2 , s 2 =[ 

−1 −
√ 

1 + 4 i ( i + 1 ) κθθ /κrr 

] 
/ 2 , i is summation index, and P i 

is the Legendre polynomials. Since three-dimensional boundary

conditions are the same as two-dimensional ones, the temperature

profiles for three areas can be expressed as 

T 1 = A 0 + Ar cos θ, (11)

T 2 = A 0 + Br s 1 cos θ + Cr s 2 cos θ, (12)

T 3 = A 0 + Dr cos θ + Er −2 cos θ, (13)

where s 1 = 

[ 
−1 + 

√ 

1 + 8 κθθ /κrr 

] 
/ 2 , s 2 =[ 

−1 −
√ 

1 + 8 κθθ /κrr 

] 
/ 2 , and the six unknown coefficients (i.e.,

A, B, C, E, κ rr , and κθθ ) can also be solved by Eqs. (4) and (8) .

Therefore, we also make three-dimensional thermal sensors accu-

rate and invisible. We use Mathematica to solve the six equations

[ Eqs. (4) and (8) ] and obtain the required thermal conductivity of

the metashell. Concrete expressions are presented in the Appendix.

3. Finite-element simulations 

To confirm our theory, we further perform finite-element sim-

ulations with COMSOL MULTIPHYSICS [23] . For arbitrarily given

thermal conductivities of backgrounds and sensors, we can derive
he anisotropic thermal conductivities of metashells and perform

nite-element simulations. 

For comparison, we present a reference with uniform thermal

onductivity in Fig. 2 (a). The finite-element simulations with a ref-

rence shell (a bare sensor embedded in the background, i.e., bare-

ess), with an isotropic shell (calculated with theory in Ref. [9] ),

nd with an anisotropic metashell (calculated by our theory) are

resented in Fig. 2 (b)–(d), respectively. Fig. 2 (b) indicates that a

are thermal sensor indeed distorts local (Area I) and background

Area III) temperature profiles. Comparing Fig. 2 (c) and (a), al-

hough the isotropic shell keeps the background temperature pro-

le undistorted, the local temperature profile is still changed. For-

unately, our scheme [see Fig. 2 (d)] makes local and background

emperature profiles the same as those in Fig. 2 (a), thus making

he sensor accurate and thermally invisible. 

To compare different schemes quantitatively, we also plot

emperature-difference profiles with the temperature in Fig. 2 (c)

inus that in Fig. 2 (a) [see Fig. 3 (a)] and the temperature in

ig. 2 (d) minus that in Fig. 2 (a) [see Fig. 3 (b)]. Clearly, the tem-

erature difference in the local region of Fig. 3 (a) is nonzero, indi-

ating that the detected temperature is not the original one. Dif-

erently, the temperature difference in the local region of Fig. 3 (b)

s zero, making a thermal sensor accurate. Certainly, the temper-

ture profile of the metashell has a small difference. We export

he temperature-gradient distributions along x axis on Line 1 in

ig. 2 , as shown in Fig. 3 (c). The results indicate that the isotropic

nd anisotropic shells [see Fig. 2 (c) and (d)] show the same advan-

age of thermal invisibility (i.e., the constant temperature-gradient

istribution as that in reference). However, due to the thermal-
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Fig. 5. Quantitative comparison of Fig. 4 . Temperature-difference distributions with (a) the temperature in Fig. 4 (c) minus that in Fig. 4 (a) and (b) the temperature in Fig. 4 (d) 

minus that in Fig. 4 (a). (c) Temperature-gradient distributions on Line 1 in Fig. 4 . (d) Temperature distribution on Line 2 in Fig. 4 . 
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onductivity mismatch between the sensor and background, a bare

ensor distorts the heat flow of original background thermal field,

o the temperature gradient at the position of Line 1 in Fig. 2 (b)

s not a constant. We also export the temperature distributions

n Line 2 in Fig. 2 , as shown in Fig. 3 (d). The results show that

he anisotropic scheme is better than the isotropic one because

hat the thermal sensor in Fig. 2 (d) detects is completely consis-

ent with the reference. However, the detection in Fig. 2 (c) deviates

rom the reference. 

Moreover, we also discuss the case that the thermal conductiv-

ty of sensor (Area I) is larger than that of background (Area III),

n order to ensure completeness; see Figs. 4 and 5 . Essentially, the

esults are similar to Figs. 2 and 3 . That is, a bare thermal sensor

ill distort temperature profiles of all areas [see Fig. 4 (b)]. The ex-

sting isotropic scheme can keep the background temperature pro-

le undistorted, but the local one is changed [see Fig. 4 (c)]. The

resent scheme can ensure both local and background temperature

rofiles undistorted [see Fig. 4 (d)]. Concrete data can be found in

ig. 5 , which confirms the superiority of our scheme quantitatively.

To go further, we also perform three-dimensional finite-element

imulations. The temperature profiles in the sensor (Area I) in

ig. 6 (b) and (c) are different from that in Fig. 6 (a), which means

hat the sensor cannot accurately measure local temperature dis-

ributions. Fortunately, the temperature profiles in sensor (Area

) and background (Area III) in Fig. 6 (d) are identical with those

n Fig. 6 (a). We also perform quantitative analyses on “accu-

ate” and “invisible” properties of the sensor [see Fig. 6 (e)–(h)],

nd the results are exactly what we expect, just like the two-
imensional case. To sum up, accuracy and invisibility of three-

imensional thermal sensors are also confirmed by finite-element

imulations. 

. Laboratory experiments 

To experimentally validate the finite-element simulations in

ig. 2 (b) and (d), we set up a device shown in Fig. 7 (a). By utilizing

aser cutting, we fabricate two samples [see Fig. 7 (b) and (c)] based

n ellipse-embedded structures [18] . The holes in Areas I and III

re uniformly distributed with circular shape, which can ensure

hat the effective thermal conductivities are isotropic. Differently,

he holes in Area II have anisotropic (elliptical) geometry, so the ef-

ective thermal conductivity is also anisotropic. Therefore, the per-

orated structure indeed follows the theory. To eliminate infrared

eflection and thermal convection as much as possible, we also ap-

ly transparent plastic films and foamed plastic films (insulated

aterials) on the upper and lower surfaces of the two samples, re-

pectively. Then, we measure the temperature profiles of these two

amples with the infrared camera Flir E60. The measured results

ith a reference shell and with an anisotropic metashell are shown

n Fig. 7 (d) and (e), respectively. We also perform finite-element

imulations based on these two samples, as shown in Fig. 7 (f) and

g). Both finite-element simulations [ Fig. 2 (b) and (d), and Fig. 7 (f)

nd (g)] and experiments [ Fig. 7 (d) and (e)] prove that with

he present scheme, a thermal sensor does accurately detect the

ocal temperature profile without disturbing the background ther-

al field. 
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Fig. 6. Three-dimensional simulations. The simulation box is 18 × 18 × 18 cm 

3 , R 1 = 3 cm, and R 2 = 6 cm. The thermal conductivities of (a) reference (all areas) and (b) 

reference shell (Area II) are set to be the same, i.e., 222.5 W m 

−1 K −1 . The thermal conductivities of sensor (Area I) and background (Area III) in (b)-(d) are set to be 108.2 

and 222.5 W m 

−1 K −1 , respectively. The thermal conductivities of (c) isotropic shell and (d) anisotropic metashell are 242.5 and 

⎛ 

⎝ 

183 . 7 0 0 

0 269 . 0 0 

0 0 269 . 0 

⎞ 

⎠ W m 

−1 K −1 , 

respectively. Temperature-difference distributions with (e) the temperature in (c) minus that in (a) (i.e., �T 1 = T 1 − T 0 ) and (f) the temperature in (d) minus that in (a) (i.e., 

�T 2 = T 2 − T 0 ). (g) Temperature-gradient distributions on Line 1 in (a)-(d). (h) Temperature distributions on Line 2 in (a)-(d). 
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Fig. 7. Laboratory experiments. (a) Experimental setup. (b) and (c) Real photos of two samples. (d) and (e) [or (f) and (g)] are measured results (or finite-element sim- 

ulations) corresponding to the two samples shown in (b) and (c), respectively. White lines represent isotherms. The sensor (or background) in (b) and (c) is carved with 

air circles with radius 0.21 cm (or 0.15 cm). The anisotropic metashell is carved with air ellipses with major (or minor) semiaxis of 0.21 cm (or 0.044 cm). The thermal 

conductivities of copper and air are 397 and 0.026 W m 

−1 K −1 , respectively. These parameters cause the tensorial thermal conductivity of the anisotropic metashell in (c) to 

be 

(
178 . 0 0 

0 349 . 0 

)
W m 

−1 K −1 , and the thermal conductivities of sensor (or background) in (b) and (c) to be 108.2 W m 

−1 K −1 (or 222.5 W m 

−1 K −1 ). The sample size in 

(b) and (c) is the same as that for Fig. 2 (b) and (d). 
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5. Discussion and conclusion 

We have discussed the scheme in steady states, and it is also

promising to extend the scheme to transient states by taking den-

sity and heat capacity into consideration. Furthermore, topology

optimization is also a powerful method to design metamateri-

als [24–27] beyond transformation method [28–31] , which may be

applied to design accurate and invisible sensors. 

In summary, we have proposed an anisotropic monolayer

scheme to make thermal sensors accurate and thermally invisi-

ble. That is, by coating a thermal sensor with a metashell with

anisotropic thermal conductivity, the thermal sensor can accu-

rately measure local temperature profiles without disturbing sur-

rounding thermal fields. The present scheme is validated by two-

dimensional simulations and experiments, which is also applica-

ble for three dimensions. These results may advance the perfor-

mance of thermal detection and provide guidance to thermal cam-

ouflage [32–39] . On the same basis, this work also offers hints to

obtain counterparts in other diffusive fields. 
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Appendix 

Since κ rr and κθθ appear in the exponent, it is difficult to an-

alytically express them. To solve the problem, we treat κ1 and κ3 

as two undetermined coefficients, which together with other coef-

ficients can be respectively expressed in two and three dimensions

as ⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 

A = | ∇ T 0 | , 
B = 

R 
m 2 
1 

R 2 −R 1 R 
m 2 
2 

R 
m 2 
1 

R 
m 1 
2 

−R 
m 1 
1 

R 
m 2 
2 

| ∇ T 0 | , 
C = − R 

m 1 
1 

R 2 −R 1 R 
m 1 
2 

R 
m 2 
1 

R 
m 1 
2 

−R 
m 1 
1 

R 
m 2 
2 

| ∇ T 0 | , 
E = 0 , 

κ1 = κrr 

m 1 

(
−R 

m 1 
1 

R 
m 2 
2 

+ R m 1 + m 2 −1 

1 
R 2 

)
+ m 2 

(
R 

m 2 
1 

R 
m 1 
2 

−R 
m 1 + m 2 −1 

1 
R 2 

)
R 

m 2 
1 

R 
m 1 
2 

−R 
m 1 
1 

R 
m 2 
2 

, 

κ3 = κrr 

m 1 

(
R 

m 2 
1 

R 
m 1 
2 

−R 1 R 
m 1 + m 2 −1 

2 

)
+ m 2 

(
−R 

m 1 
1 

R 
m 2 
2 

+ R 1 R m 1 + m 2 −1 

2 

)
R 

m 2 
1 

R 
m 1 
2 

−R 
m 1 
1 

R 
m 2 
2 

, 

(14)

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 

A = | ∇ T 0 | , 
B = 

R 
s 2 
1 

R 2 −R 1 R 
s 2 
2 

R 
s 2 
1 

R 
s 1 
2 

−R 
s 1 
1 

R 
s 2 
2 

| ∇ T 0 | , 
C = − R 

s 1 
1 

R 2 −R 1 R 
s 1 
2 

R 
s 2 
1 

R 
s 1 
2 

−R 
s 1 
1 

R 
s 2 
2 

| ∇ T 0 | , 
E = 0 , 

κ1 = κrr 

s 1 

(
−R 

s 1 
1 

R 
s 2 
2 

+ R s 1 + s 2 −1 

1 
R 2 

)
+ s 2 

(
R 

s 2 
1 

R 
s 1 
2 

−R 
s 1 + s 2 −1 

1 
R 2 

)
R 

s 2 
1 

R 
s 1 
2 

−R 
s 1 
1 

R 
s 2 
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(15)
1 2 1 2 
Basically, Eqs. (14) and (15) have similar forms with only differ-

nt m 1, 2 and s 1, 2 . 
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