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Abstract — Temperature-dependent transformation thermotics provides a powerful tool for de-
signing multifunctional, switchable, or intelligent metamaterials in diffusion systems. However, its
extension to multiphysics lacks study, in which temperature dependence of intrinsic parameters is
ubiquitous. Here, we theoretically establish a temperature-dependent transformation method for
controlling multiphysics. Taking thermoelectric transport as a representative case, we analytically
prove the form invariance of its temperature-dependent governing equations and definitively formu-
late the corresponding transformation rules. Finite-element simulations demonstrate solid and ro-
bust thermoelectric cloaking, concentrating, and rotating performance in temperature-dependent
backgrounds. T'wo practical applications are further designed with temperature-dependent trans-
formation: one is an ambient-responsive cloak-concentrator thermoelectric device that can switch
between cloaking and concentrating; the other is an improved thermoelectric cloak with nearly
thermostat performance inside. Our theoretical frameworks and application design may provide
guidance for efficiently controlling temperature-related multiphysics and enlighten subsequent in-

telligent multiphysical metamaterial research.

Copyright © 2021 EPLA

Introduction. — Recent advances in metamaterials
and metadevices for controlling diffusion systems have wit-
nessed a development tendency of adaptability, adjusta-
bility, and integration [1-5]. The nonlinear transforma-
tion thermotics [6-8], evolving from the linear transforma-
tion theory [9-13], provides a definite method to exactly
map the diffusive single-field distribution to a required one
in temperature-dependent backgrounds. On the basis of
it, metamaterial research for manipulating diffusive flows
achieves enhanced convertibility [14-17] and intellectual-
ization [18-21].

However, in practical applications, it is important
to consider how to manipulate multiphysics, which is
ubiquitous in nature, industry, and daily life. Until now,
almost all efforts in controlling multiphysics have been
confined to linear media [22-30]. This approximation may
not only deviate from practical situations to some extent,
but also limit the advancement on manipulating multiple
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fields. Referring to thermoelectric (TE) effects [31-33],
temperature-dependent transport processes have been in-
vestigated due to the electron-phonon coupling mecha-
nism [34-36] or strong interaction in quantum-dot sys-
tems [37,38]. At the macroscopic level, nonlinearity of
materials is often embodied in temperature-dependent
thermal conductivities, electrical conductivities, and See-
back coefficients [39], which may introduce better TE
performance beyond linear response to temperature or
voltage bias [40]. In detail, the thermal conductivity &
may have a power-law form 7™ (n is a real number) with
different experiential values of n for different conditions
or materials, which induce different electrical conductiv-
ities according to the Wiedemann-Franz law [41]. The
Seeback coefficient S is usually directly proportional to
T for metals and some semiconductors [42]. Although
nonlinear transformation thermotics can extended to de-
coupled multiphysics readily due to the form similar-
ity of independent governing equations, it needs to be
further studied if the nonlinear transformation theory
still works in regulating coupled multiphysical fields like
thermoelectricity.
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Inspired by the mnonlinear transformation ther-
motics [6-8], we extend it to the temperature-dependent
TE transport where material properties and/or spatial
transformation operations are temperature dependent.
In this way, functions of passive devices may become
flexible and able to automatically adapt to changes
in environments. Our study represents an example of
how to apply the temperature-dependent transformation
theory to design intelligent multiphysical metamaterials
and metadevices, which can be generalized to other
multiphysics.

Theory. — We consider a nonlinear TE coupling trans-
port process as a representative temperature-dependent
multiphysics case. First, the nonlinearity indicates the
temperature dependence of electrical conductivity, which
has been adequately studied. The general form of a
temperature-dependent electrical conductivity tensor can
be written as o (7"). On the other hand, according to the
Wiedemann-Franz law [43], a considerable amount of ma-
terials with electron domination in heat conduction will
thus have temperature-dependent thermal conductivity
tensors k(7). In addition, a nonlinear Seebeck coefficient
tensor is given as S(T") without loss of generality. When
the temperature and voltage biases are applied on the TE
medium simultaneously, the coupled heat and electrical
currents will be induced by each other separately besides
their respective independent transport. Thus, the con-
stitutive relations of electric current density J and heat
current density J¢g can be described as [44,45]

J=—-0T)Vu—-0o(T)S(T)VT,

Jg=—k(T)VT +TS"(T)J
where o and T are the position-related electrochemical
potential and temperature, and S (T) is the transpose of
S(T). Charge and heat flows are coupled by the See-
beck coefficient S(7"). At the steady state with local

equilibrium, the governing equations of TE transport are
expressed as [44,45]

(1)

v.J=0,
V.Jo=-Vu-J.

In contrast with single physics, TE coupling transport
leads to the generation of a heat source term, namely,
—V - J, which can be interpreted as a Joule heating re-
sult. With the Onsager reciprocal requirement [46], elec-
trical and thermal conductivity tensors should be sym-
metric. Thus, we can determine that o (T) = o' (T) and
k(T) = k" (T). Substituting eq. (1) into eq. (2), the gov-
erning equations can be rewritten, respectively, as

V- [o(T)Vu+o(T)S(T)VT] =0,

(2)

(3)
and

~V  [k(T)VT +TS"(T)o(T)S(T)VT

+ TS“(T)G( ) V] =

p-lo(T)Vu+a(T)S(T)VT]. (4)

We are now in the position to prove that eqgs. (3) and (4)
satisfy form invariance under arbitrary coordinate trans-
formation, so that the transformation theory is still valid
in the temperature-dependent TE transport process. In a
curvilinear coordinate system with a set of contravariant
bases {g’,g’,g"}, a group of covariant bases 19::9;:91}
and corresponding contravariant components (z°,y7, 2¥),
the component form of eq. (3) can be expressed as

0ilV/go” (T)0; ) + 0i[\/go ™ (T) S5 (1)) = 0, (5)

where ¢ is the determinant of the matrix with components
9ij = gi - gj. And the component form of eq. (4) can be
written as

0;[vgr™ ()T + T+/g(5*™)] (1o
+Ty/g(S*)|(1)o" (T)9u] =
— V90w (T)d;u + o™ (T) (6)

where (S“)g(T) is the transpose of Sf(T) Equations. (5)
and (6) have the same form under different coordinates.
The only difference in diverse coordinate systems is the
coefficient g. Here, ¢ is not limited to position depen-
dence and can be written as g(7') if the coordinate trans-
formation is temperature dependent. The theory for
temperature-dependent transformation TE fields allows
executing temperature-dependent coordinate transforma-
tions on temperature-dependent TE materials, and these
two kinds of nonlinearity will be incorporated into trans-
formed physical parameters.

For the simplicity of derivation on transformation rules,
we first demonstrate the linear transformation. Now, con-
sider a bijection f: 7 — 7', which is smooth enough from
the pretransformed space to the transformed space in the
three-dimensional Euclidean space. Due to the diffeomor-
phism between the pretransformed space (virtual space)
with a chosen set of curvilinear coordinates {z,y, z} and
the transformed space (physical space) with another set of
Cartesian coordinates {z’,y’, 2z}, eqs. (3) and (4) can be
rewritten as

9(T)SF(T)oT

SH(T)d,T),

V6TV + o' (TS (TVT'] = (7)
and
V' K (TV'T +T (8 (T)e' (TS (T)V'T
+T'(S) " (T)e! (T') V') =
V' o (THV'u + o' (T)S'(T))V'T). (8)

We can find that transformation rules given by eqs. (3)
and (4) are consistent with eq. (7) and eq. (8). The trans-
formed &'(T"), o'(T") and S’(T") can be expressed as

K/(T/(T/)) _ AK'O(T<£6_t /ir/»)A r7 (9)
O'/(T/(T/)) _ AUO(T(CJ;e_t X’“/)))Atr’ (10)
S'(T'(r") = AT S(T(f~H(r")))A™. (11)
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The linear transformation on temperature-dependent TE
background requires tailoring of thermal conductivity,
electrical conductivity, and Seebeck coefficient described
in eqgs. (9)—(11).

Next, we return to the theory of nonlinear TE transfor-
mation, that is, to perform temperature-dependent trans-
formation on temperature-dependent TE backgrounds.
Temperature-dependent transformation means that the
transformed operations are temperature related, so the
corresponding Jacobian matrixes become A(T'). We can
see that the transformation rules of linear transformation
can easily be generalized to the nonlinear transformation
by replacing ' with 7/(T") and replacing A with A(T) in
egs. (9), (10), and (11).

Simulation. — We now employ these rules to design TE
metamaterials on temperature-dependent backgrounds.
Equation (10) implies that the Seebeck coefficient re-
mains invariant after coordinate transformation if the See-
beck coefficient before transformation is isotropic, it can
be written as S'(T) = So(T) = ~T (v is constant).
The temperature-dependent electrical conductivity and
thermal conductivity satisfy the transformation rules in
egs. (9) and (11). Here, we assign the background thermal
conductivity a trivial scalar expression ko(T) = o + ST™
(v, 8 and n are constants). According to the Wiedemann-
Franz law x/oc = LT (L is the Lorenz number) [43],
the background electrical conductivity can be written as
oo(T) = (aT~1 + BT™1)/L. The transformed material
properties can then be expressed as

K//(T) _ A(O¢+ﬁT")Atr

det A ’
o'(T) = MtBT"(LTYA" (12)
SN(T) =~T.

Here, we consider functionalities of cloaking, concen-
trating and rotating in two-dimensional nonlinear back-
grounds. The TE cloak keeps the central region free from
heat flows and currents to maintain constant temperatures
and electric potentials without disturbing TE distributions
outside, as shown in fig. 1(a). We can present the coor-
dinate transformation relationship of the cloak in polar
coordinates (r,0) as

0 =0,

' =r(re —r1)/r2 + 11, (13)

where r € [0,72] and 7’ € [r1,7r2]. The purpose of a TE
concentrator is to collect more currents and heat flows in
the central region to increase the local temperature gra-
dient without disturbing the TE distribution outside, as
shown in fig. 1(b). The detailed coordinate transformation
can be given as

" =rir/r, (P <rm),
" =r(re—r1)/(ra —rm)
+r2(r1 —rm)/(r2 — rm)

9" = 0,

(rm <r<rg), (14)

1000

,.\
£

7(K)

Lot yag oy

300
1000

T(K)

300

Fig. 1: (a)-(c) Schematic graphs of a TE cloak, concen-
trator, and rotator located in the center of a temperature-
dependent background. Region I, II and III represent the
functional area, transformation layer, and background, re-
spectively. Panels (d)—(f) and (g)—(i) are simulation results
of temperature-dependent and temperature-independent TE
cloak, concentrator and rotator, separately. Background size
is 8 X 8cm. The inner radius of the transformed layer is
ri1 = lcm and the outer radius is 72 = 2cm. The vir-
tual radius of concentrator is 7, = 1.5cm, and the rota-
tion angle of rotator is fp = 120°. The background thermal
conductivity of (d)—(f) is 100 4+ 107* W/(m - K), the electrical
conductivity is 100/T+107? S/m, and the Seebeck coefficient is
S =307 uV /K. The background thermal conductivity of (g)—
(i) is 1000 W/(m - K), the electrical conductivity is 100S/m,
and the Seebeck coefficient is S = 200 £V /K. The left bound-
ary is set as 1000 K and 0.01V, and the right boundary is set
as 300 K and 0V. Upper and lower boundaries are thermally
and electrically insulated. In (d)—(i), color surfaces represent
temperature distribution, black and blue arrows/lines denote
thermal and electric flows/isothermal and isopotential.

where r,,, is the radius between r; and 7. A TE rotator

serves to rotate the currents and heat flows with angle 6,

in the central circular region without disturbing the TE

distributions outside, as indicated in fig. 1(c). The corre-

sponding coordinate transformation can be described as
,’,/// =r

0/”:9+00 (’I”<’I"1)7

9/” = 9+90(T —7“2)/(7‘1 —7“2)

(15)
(7“1 <r << 7“2).

The Jacobian transformation matrix A can be expressed
in polar coordinates as

| or*/or  Or*/(r0f)
A= r*060*/0or r*00*/(rod) |’ (16)
where r* = r/,r"” or v and 0* = 0’,0"” or 0. Sub-

stituting egs. (13)—(15) into eq. (16), we can obtain the
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corresponding Jacobian matrices of three metamaterials.
In combination with eq. (12), the transformed thermal
conductivity and electrical conductivity of three metama-
terials in the annulus region (r; < r’ < 73) can be ex-
pressed as

w'(T) = (a4 BT") B,

o/ (T) = (a + BT™)/(LT) B", {17

where B*=B’, B”, and B"’ corresponding to TE cloaks,
concentrators and rotators. They can be written sepa-
rately

Bl

diag[(r' — 1) /7,7 /(v) —11)],
. [ =)t — (11 — )12
diag [ (1> — to)t”
(ro —rm)r” ]
(ro —rm)r” — (11 —rm)ra |’

B — 1 Gor”"
) ] — Iy )
Oor'" Oor’" 2
()
T — T2 KT — T2
For TE cloaks, concentrators and rotators, the electri-
cal conductivities and thermal conductivities in the center
circular region with radius r; are the same as the back-
grounds, and they can be written as
K*(T) = (a + BT™) diag[1, 1],
o*(T) = (a+ BT™)/(LT) diag[1,1].

B// —

(19)

We then execute finite-element simulations of the designed
temperature-dependent and temperature-independent TE
cloak, concentrator and rotator with the commercial soft-
ware COMSOL Multiphysics [47]. We use the steady
TE-effect module in the two-dimensional system to sim-
ulate the temperature and potential distributions of cou-
pled TE fields; the results are shown in the second and
third panels of fig. 1, respectively. In figs. 1(d)—(i), tem-
perature or potential distributions in backgrounds are
inhomogeneousunder horizontal external thermal and elec-
trical fields due to the temperature-dependent parameters,
but the cloaking, concentrating, or rotating functionali-
ties are still valid. For further verifying the robustness
of the proposed metamaterials, we subject them to dif-
ferent temperature boundary conditions; see fig. 2. We
retain the electrical boundary conditions and fix the right
boundary at 300 K. With increasing temperatures up to
1500 K at the left boundary, the nonlinearity effect gradu-
ally emerges, which can be seen from the isothermal lines.
However, cloaking, concentrating, and rotating still func-
tion effectively. For clarity, the references with pure back-
grounds are also displayed for comparison. Furthermore,
we plot the simulation data of the central lines horizon-
tally crossing the center of metamaterials in fig. 3. The
results are echoed well in region IIT (outside metamateri-
als), indicating no distortion in backgrounds. It is noted

Concentrator Rotator

Reference

1500

T(K)

300

FrinnEHuins

[T AT

" |'|'|-|-|9 e u
T v | o

Fig. 2: Simulation results of the temperature-dependent TE
cloak, concentrator, and rotator under different temperature
boundary conditions. The parameter settings are the same as
those in fig. 1. The right boundaries are set at 300 K thermally,
with electrical grounding. The left boundaries are separately
set at 700K (a)—(d), 1100 K (e)—(h), 1500K (i)—(1), and 0.01 V.
Black and blue arrows indicate magnitudes and directions of
heat and electric flows, respectively. References in the first
column are bare backgrounds without any internal structures.

(a) (b)
E = Background (700K) = Background (J00K)
[~ Cloak (700K} 12 — Cloak (700K)
& 1600 [ = Background (1100K)
o —Cloak (1100K)
E’ = 8 Background (1500K)
] g
= 1200 ®
H £
] ]
800 -
& 0
400 4 ¥
0 002 004 006 008 0 0.02 004 0.06 0.08
(© x (m) (d) X (m)
= = Background (700K) = = Background (J0K)
- Concentrator (100K) 12 —— Conerntrator (00K)
& 1600 ~ — Background (1100K)
=z —— Concentrator (1100K)
p Zg -
'5 E tor (1500K)
= 1200 %
= &0
£ 24
E s0 2
= 0
400 -4 i 2 i A i
0 002 004 006 008 0 0.02 0.04 0.06 0.08
(€) x (m) ) x (m)
= = Background (T0K) = = Background (T0K)
= Rotator (T0K) 12 —— Rotator (T00K)
-~ ~ = Background (1100K) ~ ~ Background (1100K)
= 1600 11 —— Rotator (1100K) —— Rotator (1100K)
g - Background (1500K) & 8 -~ Background (1500K)
B —— Rotator (1 E —— Rotator (1500K]
E 1200 P
£ 24
F] )
-
& 800 0
111
400 4
0 0.02 0.04 006 0.08 0 002 0.04 006 008
x (m) X (m)

Fig. 3: Quantitative comparison between backgrounds assem-
bled with metamaterials and bare backgrounds. The data are
extracted at center lines along the horizontal direction from
the simulation results in fig. 2. Three panels denote the cloak,
concentrator, and rotator separately by row. The left and right
columns are temperature and voltage data, respectively. Re-
gions I, II, and III are the corresponding regions in fig. 1.
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that relations between temperatures (or pontentials) and
positions in region III are not linear but tend to nonlin-
earity with increasing high-temperature boundary condi-
tions. In particular, voltages at 0.06—0.08 m show negative
differentials, which is due to the coupled TE effects.

Application. —

A) Ambient-responsive TE cloak concentrator. Based
on the proposed temperature-dependent transformation
TE field theory, we further design an ambient-responsive
TE cloak-concentrator device as a practical application.
Due to the temperature-dependent features, cloaking and
concentrating functionalities function under different envi-
ronmental temperature regions, resulting in a switchable
TE cloak concentrator. Here, we skip the original con-
stitutive parameters and only consider the parameters af-
ter transformation operation. The emphasis of achieving
TE cloak concentrator is to make the transformed ther-
mal conductivity and electrical conductivity correspond
to different functions under different temperatures. Thus
we consider the temperature-related coordinate transfor-
mation to realize it. If we carefully check the coordinate
transformation relationship in eqs. (13) and (14), we can
find that eq. (14) has the same form as eq. (13) when
rm = 0. Thus, a temperature-dependent function can
be constructed by replacing 7, in eq. (14) with r} (T),
for which the coordinate transformation relationship cor-
responds to cloak at 7} (7") = 0 and concentrator at

r5 (T) = rp. Equation (13) can be rewritten as

T'm

T 1t exp(T —To)]

(1) (20)

Here, T is a critical temperature around which 7}, (T")
can be distinguished by 0 or r,,, as schematically shown
in fig. 4(a). n is a scaling coefficient for ensuring the step

change around T¢. The coordinate transformation of the
shell region can be rewritten as

ry— 15 (T)
ro — 1% (T)’

= T2 —T1
ro — 15 (T)

+ 7o 0 =0, (21)
where the transformed coordinates are temperature de-
pendent, which also meets the requirements of nonlinear
transformations. The expressions of transformed thermal
and electrical conductivities can be obtained by replacing
Tm in eq. (18) with 7% (T), so expressions can be trans-
formed into TE cloaks when the environment tempera-
ture is higher than Ty and into TE concentrators when
the environment temperature is lower than Te.

We present our results more intuitively by finite-element
simulation. The simulation results are shown in figs. 4(b)
and (c), according with the expected effects. The de-
vice shows concentrating within the temperature region
of 300-320K and cloaking from 340-360 K. That is, it
can automatically transfer the function from TE cloaking
(or concentrating) to TE concentrating (or cloaking) when
the temperature of the environment changes. This is the

rm (TYrm

(LIS B P R o

Krm=0(>1)

Te= JSOKE
300 320 340 360
(d) T(K) (e)
m‘
L Ceacetrtor o 3208

~ ~ Backgroand (WOK.360K) 9

0 0.02 004 006 008 0
X (m)

Temperature (K)
£
=
Voltage (mV)
3

m 1 I

002 004 006 008
X (m)

Fig. 4: TE cloak concentrator with different functions under
different temperature regions. (a) The curve of r;, (1) /ry with
temperature, and Tc = 300K, n = 2.5K~! in this expres-
sion of eq. (20). (b), (c): simulation results of the TE cloak
concentrator. It exhibits concentration under the temperature
region 300-320 K and cloaking under the temperature region
340-360 K. The higher temperature and voltage 0.01 V are set
at the left boundaries, and the lower temperature and electri-
cal grounding are set at the right boundaries. Panels (d) and
(e) are the temperature and voltage curves of the center lines
extracted from simulation results in (b) and (c¢). Regions I, II,
and III are the corresponding regions in fig. 1.

direct result of ambient-responsive TE parameters and is
impossible in linear transport processes. Additionally, we
extract the data of temperature and voltage on the central
line horizontally crossing the center in different tempera-
ture regions in figs. 4(d) and (e). Bakground temperature
and potential data in region IIT coincide between with-
and without-device cases, indicating that the background
is not influenced. Cloaking and concentrating features are
obvious in region I when comparing the slope with pure
backgrounds.

Thermal conductivity and electrical conductivity of TE
cloak concentrator are anisotropic and can achieve abrupt
change in different temperature ranges. It is difficult for
actual natural materials to meet this requirement. Shape
memory alloys may be a candidate to achieve the switch of
function [6,15] due to their sharp deformation with chang-
ing temperatures. Thus, we can employ composites of
shape memory alloy and TE materials on the transfor-
mation layer to realize the ambient-responsive TE cloak
concentrator.

B) Improved TE cloak.  An improved TE cloak that
can maintain a nearly constant temperature internally is
designed. This is different from the existing TE cloak [29],
in which the temperature inside relies on the bound-
ary conditions. Four individual components compose the
cloak, which is placed in a temperature-dependent back-
ground depicted as region III, as shown in fig. 5(a). A lin-
ear transformation is executed to region II, where the fixed
thermal and electrical conductivities follow eq. (17). In
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N
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Temperature (K) ‘c.‘
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2o TR

00}
[} 0.02 004 006 008
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pmv) 0
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400 T(K)
Fig. 5: Improved thermoelectric cloak. (a) Constituent struc-
ture. Panels (c¢) and (e) show the temperature and potential
distributions of a conventional TE cloak, respectively. Panels
(d) and (f) show the temperature and potential distributions
of the improved TE cloak with near-thermostat functionality
inside. The temperature 400 K and voltage 0.01V are set at
the left boundaries, and the temperature 300 K and electrical
grounding are set at the right boundaries. Panel (b) denotes
temperature curves of the center lines extracted from conven-
tional cloak and improved cloaks. Different colors indicate dif-
ferent temperature conditions.

regions IV and V, the nonlinear transformation is achieved
by two symmetrical equations: eq. (20) and

. _ rmexp[n(T —Tc)]
() = T = To)|

(22)

It is clear that eqs. (20) and (22) exhibit opposite
behaviors around T. We obtain expressions of trans-
formed thermal and electrical conductivities by substitut-
ing them into eq. (19). This operation may make the
internal temperature approach T [15,16]. The temper-
ature and voltage distributions of this cloak are shown in
figs. 5(d) and (f). Clearly, we obtain simultaneous near-
thermostat performance inside the cloak, while the distri-
butions of temperature and potential remain unchanged
outside the cloak. For comparison, we also demonstrate
the conventional TE cloaks under the same boundary con-
ditions in figs. 5(c) and (e). Furthermore, for quantitative
verification, we extract temperature data of center lines
from simulation results; see fig. 5(b). In region I, the tem-
perature tends to T, which is marked as a yellow dashed
line. Under changed high or low boundary temperatures,
the designed cloak exhibits robustness in that the internal
temperatures deviate to T, compared with conventional
cloaks indicated by solid lines in fig. 5(b). In addition,
in region III, good fitting of conventional and improved
cloaks is visually concluded. Thus, the designed cloak can
improve the thermostat performance internally without
loss of concealing functionalities.

Discussion and conclusion. — We have verified that
the form invariance of temperature-dependent TE govern-
ing equations remains valid under spatial coordinate trans-
formation. It is noted that the temperature-dependent
transformation emphasizes the transformation operation
and backgrounds can depend on temperature simultane-
ously, usually leading to temperature-dependent design
parameters. Recent studies in pyroelectricity [39-42] have
shown that temperature dependence of TE materials is
ubiquitous, especially on small scales, due to the corre-
sponding large bias of temperature or voltage. From this
perspective, the proposed temperature-dependent trans-
formation multiphysics has general applicability for con-
trolling TE fields with naturally existing materials.

As two representative applications of temperature-
dependent TE transformation theory, ambient-responsive
TE cloak-concentrator devices and improved TE cloaks
are constructed by executing nonlinear transformation op-
eration in nonlinear backgrounds. For the former, switch-
ing between cloaking and concentrating can be achieved
under different ambient temperature regions. The de-
vices can avoid thermal or electrical damage caused by
high ambient temperatures, and heat and electric flows
can be used effectively under low temperatures. For the
latter, the desired temperature T can be approximately
achieved inside the cloak. It is noted that the thermostat
effects of improved TE cloaks are not strict due to the in-
trinsic limits of the transformed layers. That is, the zero
thermal or electrical conductivities can be reached only at
r1, which limits physical spaces with respect to captur-
ing specific temperatures [15,16]. However, the simulation
results still show obvious improvement in internal temper-
ature preservation vs. conventional cloaks. Although an-
other solid scheme may resort to the bilayer design [15,16],
here we verify that the transformed layers may also play
the role of temperature trapper, which may be of bene-
fit in some situations where the transformation method is
employed.

In summary, the transformation theory on the non-
linear multiphysical backgrounds is established, so lin-
ear and nonlinear transformations can be performed on
the background. Three nonlinear metamaterials with
functions of cloaking, concentrating, and rotating are
demonstrated, confirming the theory. As practical ap-
plications, two temperature-responsive multiphysical de-
vices are designed, whose functionalities exceed those of
their linear analogies. Our theory and design can be
extended from thermoelectricity to other fields of multi-
physics such as thermo-optics or thermomagnetics. For
example, enhancement of magnetic field on a metal-
coated superconductor thermomagnetic system will gen-
erate Joule heating sources [48]. The governing equation
of the thermomagnetic effect in the superconductor sat-
isfies the form invariance under coordinate transforma-
tion. Thus, the transformation theory can be used to
control such thermomagnetic field. Various multiphysical
intelligent metamaterials can be expected, which may not
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only facilitate multiple flow guidance but also be benefi-
cial to the development of self-adaptation in metamaterial
design.
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