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Abstract: Transformation theory, succeeding in multiple transportation systems, has enlightened
researchers to manipulate the field distribution by tailoring the medium’s dominant parameters
in certain situations. Therefore, the science community has witnessed a boom in designing
metamaterials, whose abnormal properties are induced by artificial structures rather than the
components’ characteristics. However, a majority of such meta-devices are restricted to the particular
physical regimes and cannot sense the changes taking place in the surrounding environment and
adjust its functions accordingly. In this article we propose a multi-physics bi-functional “intelligent”
meta-device which can switch its functions between an invisible cloak and a concentrator in both
thermal and DC electric conduction as the ambient temperature or voltage varies. The shape memory
alloys are utilized in the design to form a moveable part, which plays the crucial role in the switching
effect. This work paves the way for a practicable method for obtaining a controllable gradient of
heat or electric potential, and also provides guidance for efficiently designing similar intelligent
meta-devices by referring to the intriguing property of shape memory alloys.
Keywords: multiple physics; bi-functional; meta-device; shape memory alloy
PACS: 81.05.Xj; 44.90.+c; 74.25.fc; 02.40.-k

1. Introduction
Controlling the spatial distribution of the physical fields at will is an exciting challenge for
human beings, which not only leads to vital progress in understanding the underlying mechanism
of specific phenomena but also to great values of applications in improving our daily life. In 2006,
Leonhardt and Pendry et al. [1,2] propose a concept named transformation theory, which implies
a practicable method to build an invisible cloak based on the fact that Maxwell equations can retain
their forms invariant under a coordinate transformation. This advancement has shed a light on
the design of metamaterials, which are a sort of artificial materials possessing intriguing properties
originating from their special structures rather than their intrinsic characteristics and therefore has been
rapidly theoretically generalized and applied to different physical fields such as electromagnetic [3–6],
and acoustics [7]. Due to the Laplace equation holding the same form in different coordinate systems,
the transformation theory can be easily extended to the conduction regime, helping to achieve the
thermal cloaking effect by using inhomogeneous and anisotropic mediums [8–16]. Similar to the
optical cloak, this type of conduction metamaterial can ensure that the object inside a cloak area does
not affect the temperature gradient outside. This property can be used to design a sort of non-invasive
sensor which is much more precise for checking the temperature of an arbitrary point in the device
by expanding the uniform temperature region without distorting the temperature distributions.
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From then on, the science community has witnessed a boom in designing thermal metamaterials with
different functions [9,10,17–21], including converters [10], and concentrators [9,10,22–24], which is of
potential for fabricating the non-invasive parts in a bigger installation to enhance the efficiency of
the thermoelectric effect by increasing the local temperature gradient inside without disturbing the
temperature gradient outside [25].
Due to the same forms of dominant equations in both direct currency electrical conduction and
the thermal diffusion processes, Li et al. [17] first explored whether a same structure can realize
a cloaking effect in these two fields simultaneously. Then, in 2014, Moccia et al. [26] experimentally
constructed a multi-physics cloak that breaks the limitation that the metamaterials devices can only
serve a single functionality in a given physical domain [27,28]. Although all these works try to fabricate
metamaterials that can be applicable in multiple physical fields, a design of a meta-device that can not
only work in multi-physical domains but also can automatically switch from one function to another
as the environmental parameter changes, has still not been proposed. In this article, we try to solve
the problem and provide a method to build such an intelligent bi-functional meta-device that can
work in both thermal conduction and DC electric conduction situations by utilizing the shape memory
alloys (SMAs) [29–31]. Due to its special lattice structure, owing to the solid-solid transition, the shape
memory alloy (SMA) will switch from its original figure to a deformed figure as it is heated or cooled.
There are three most popular polycrystalline SMAs which are NiTi, CuZnAl and CuAlNi [32]. Here we
will choose NiTi to prepare our design and experimental demonstration. This attribute can provide us
a method for obtaining two different shape stats by adjusting the temperature. As a result, through this
manipulation we can produce a unique class of intelligent thermal or electrical metamaterials which
permit the device to automatically alter from a thermal/electrical cloak to a concentrator or vice versa,
as the ambient temperature varies.
2. Theory
First of all, for a steady state, the heat and electrical conduction equations can be written in similar
Laplace equation forms:

∇ · (κ ∇ T ) = 0
∇ · ( σ ∇V ) = 0

(1)

where κ and σ are thermal conductivity and electrical conductivity respectively. As known to us,
DC electrical conduction is one of the most common phenomena in our daily life, which is attributed to
the free conduction electrons. On the same footing of the transportation model, the thermal conduction
behavior of metals is believed to originate from the contribution of freely transferring valence electrons.
Hence, for metals, the thermal conductivity will intuitively associate with the electrical conductivity
and can be well described by the Wiedemann-Franz law. However, due to the increased number of
phonon carriers in the non-metals, there is no correlation between thermal conductivity and electrical
conductivity. Therefore, if we only use metals to fabricate the device, it is unnecessary to worry about
the mismatch of different materials’ dominant parameters. According to the Wiedemann-Franz law,
the thermal conductivity of a metal is directly proportional to its electrical conductivity. The formula is
expressed as:
κ
= LT
σ

(2)

Here L is a constant which is known as Lorenz number. Thus, we can replace the κ and σ in
Equation (1) by ϕ, which represents the conductivity parameters. In the following discussion we
rewrite the conduction equation as:
∇ · ( ϕ∇Ψ) = 0,
(3)
where Ψ stands for the voltage or temperature.
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The traditional cloak should ensure that the heat does not flow into the cloak. Thus, the center of
the device holds a zero temperature gradient without disturbing the external temperature distribution.
As shown in Figure 1a, the region I (r < R1 ) is the cloaking area where the heat flow will not be allowed
to enter. Referring to the transformation theory, the circle of radius R2 should be mapped to a ring
whose interior radius is R1 and the exterior radius is R2 . on the other hand, the traditional concentrator
would make more heat flux penetrating into the central area and increase the local temperature
gradient. As illustrated in Figure 1b, the coordinate transformation to achieve concentrating is to
compress the ring with interior radius R2 and exterior radius R3 into a ring with interior radius R1
and exterior radius R2 . Following the above discussion, we can give the coordinate transformation
relationship of cloak in polar coordinates (r, θ ):
R0 = R

R2 − R1
+ R1 ,
R2

0

θ = θ,

(4)

as well as the concentrator
R0 = R

R − R3
R2 − R1
+ R2 1
,
R2 − R3
R2 − R3

0

θ = θ.

(5)

One can easily prove that the Laplace equation will keep form invariance under the coordinate
transformation xi → xi0 while the conductivity ϕ changes accordingly. Therefore, the variation of the
coordinates is equivalence to a mapping transformation applied to the conductivity tensor, i.e., the new
conductivity ϕ̃ in the transformed space in both the thermal and the DC electrical field follows the rule
ϕ̃ =

J ϕJ t
,
det(J)

(6)

where J, J t , det(J) are the Jacobian matrix, its transpose and determinant respectively. It should be noted
that Jij = ∂xi0 /∂x j , so J is a mathematical tool to describe the corresponding coordinate transformation.

Figure 1. (a) Schematic graph shows the cloak device and the trace of the heat flux/electric currency
affected by it. (b) Schematic graph shows the concentrator device and the trace of the heat flux/electric
currency. (c) The design of a bilayer cloak.

Next, we want to endow the device the function to switch from a cloak to a concentrator or vice
versa. After checking the coordinate transformation relationship in Equations (5) and (6), we find it is
practicable by just replacing the R3 in Equation (5) as a variable R∗ and set a specific function that makes
R∗ = 0 at the cloak state while R∗ = R3 in concentrator case. Obviously, if R∗ is dependent on the
ambient temperature T or the voltage V, as the external field changes the device would automatically
switch from one function to another. Due to the balance of the resistor heating and the dissipative
cooling in a steady state, through some engineering design, one can always calibrate the voltage
associated with a certain value of the temperature. Hence, to realize the “intelligent” switching effect
in both thermal and DC electrical conduction, it is convenient for us to regard the R∗ as a function of T.
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Now we are in a position to prove that the temperature dependent coordinate transformation can
not disturb the conduction equation’s form. In 2015, Li et al. [20] has demonstrated that for a material
with temperature dependent conductivity, the conduction equation is still form invariance under the
coordinated transformation and the desired parameter κ̃ ( T ) holds the same form as Equation (7).
Furthermore, the validity of the transformation theory on the temperature-dependent conductivity is
equivalent to a temperature-dependent transformation applied to the medium with a temperature
independent conductivity, i.e.,
ϕ̃( T ) =

J ϕ( T ) J t
J̃ ( T ) ϕ J̃ ( T )t
,
=
det(J)
det(J̃(T))

(7)

where J̃ ( T ) represents the temperature dependent coordinate transformation.
Therefore, we can extend their conclusions to our derivation in consideration of the
Wiedemann-Franz law. The form of R∗ ( T ) can be set as:
R3
1 + e β(T −Tc ))
R3 e β(T −Tc ))
R∗ ( T ) =
1 + e β(T −Tc ))

R∗ ( T ) =

(Form I) ,
(8)

(Form II) .

here β is the scaling factor which determines the sensitivity of the device’s structure to T. As shown in
the above equation, we provide two forms of R∗ ( T ), since the device should be able to automatically
switch between cloak state and concentrator state as the ambient temperature changes. Owing to the
R∗ ( T ), we rewrite the Equations (5) and (6) in one formula:
0

R =R

R2 − R1
R − R∗ ( T )
+ R2 2
.
∗
R2 − R ( T )
R2 − R ∗ ( T )

(9)

Taking the above coordinate transformation into the Equation (7), the thermal/electrical
conductivity ϕ̃( T ) of the bi-functional device can be derived as

 ϕ̃r ( T )

= ϕ0 [1 +

 ϕ̃θ ( T )

= ϕ0 [1 +

R2 ( R∗ ( T )− R1 )
]
0
R ( R2 − R ∗ ( T )
∗
R2 ( R ( T )− R1 )
]
0
R ( R2 − R ∗ ( T )

−1

(10)

where ϕ̃r ( T ) and ϕ̃θ ( T ) are the radial and azimuthal components of ϕ̃( T ) and the ϕ0 is the conductivity
of the background medium. For the equations above, the function of device will be decided by the
temperature and the form of R∗ ( T ). For Form I, when temperature is lower than the critical temperature
Tc , the device will show the property of concentrator which will let more heat flux or current flow
into the central zone. On the other hand, when the environmental temperature increases to a higher
temperature then Tc , the device will switch to cloak mode which will prohibit heat flux or current
from entering the cloaking region. Oppositely, for Form II, the device will function as a cloak at low
environmental temperature, while at the high temperature it will turn to a concentrator.
However, the conductivity obtained from the transformation theory is extremely anisotropic and
inhomogeneous, which is very complicated to be realized in practice. In order to reduce the difficulty
in fabricating such device, referring to the design of the bilayer cloak [13], we propose a simplify
bi-functional model by utilizing normal materials whose conductivities are homogeneous and isotropic.
As shown in Figure 1c, the conductivities of the host (region 1), outer layer (region 2), inner layer
(region 3), and cloaking area (region 4) are indicated as ϕ1cloak , ϕ2cloak , ϕ3cloak , and ϕ4cloak respectively.
Considering a steady state two-dimensional conduction system without source in a polar system (r, θ ),
if all the mediums involved are isotropic and homogenous, the Laplace equation in Equation (3) can
be expressed as
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1 ∂
r ∂r


r

∂Ψ
∂r



+

1 ∂2 Ψ
= 0.
r2 ∂θ 2

(11)

Taking account of the model’s upper and lower parts are symmetrical, the general solutions of
Psii in different regions are derived as
Ψi =

∞

∑

h

i
i
2n−1
i
−(2n−1)
A2n
r
+
B
r
cos(2n − 1)θ,
−1
2n−1

(12)

n =1
i
i
where n is a integer, and A2n
−1 , B2n−1 are parameters determined by the boundary conditions.
Assume the ambient temperature gradient is t0 . The distribution of Ψ far from the heat source
should tend to uniform, i.e., Ψr→0 = t0 r cos θ. Namely, only the first order parameters in Equation (12)
are retained. Hence, we obtain n = 1 and A11 = t0 . In addition, as r tends to zero, the Ψ is a finite
value leading to the B14 = 0. The object inside the cloak region should not disturb the outside field
distribution, so B11 → 0. Finally, according to the continuity of the heat flux or the electrical currency,
the desired conductivities for a bilayer cloak can be obtained

 cloak
ϕ1
= ϕ0




2
2


 ϕcloak = ϕ c + b 
0
2
c2 − b2


cloak
ϕ

=0


 ϕ3cloak
=
C
4

(13)

Here, C is an arbitrary value.
Next, we will derive the conductivities ϕ1con , ϕ2con , ϕ3con , ϕ4con of region 1–4 for a bilayer
concentrator. Similar to the results given in the Equation (10) by adopting the transformation
theory, to assemble two functions in one device, we need to cost the least effort to accomplish the
functions switching. Thus, the cloak and the concentrator should share as more parameters as
possible. By solving the general solutions of Equation (12), the optimum solution of the concentrator’s
conductivities are given below:
 con
ϕ1 = ϕ1cloak




 ϕ2con = ϕ2cloak
(14)
ϕ3con = D


2
con
2

ϕ

 ϕcon = ϕcon a 3 −b
3
4
ab + a2
where D is an undetermined coefficient just as C in Equation (13). Apparently, to build the device,
we can select a material with the conductivity of ϕ4con in the region 4 to ensure the concentrating effect
without affecting the invisible characteristic and try to find a method to make the ϕ3con switch between
D and a very small value as the temperature varies. In summary, the parameters of the bi-functional
multi-physics metamaterial are listed below

ϕ1 = ϕ0



2
2

 ϕ = ϕ (c +b )
2
0 ( c2 − b2 )

 ϕ3 = 0 (for cloak) , ϕ3 = D (for concentrator)



a2 ϕ3 − b2
ϕ4 = ϕ3 ab+
a2

(15)

3. Design of the Meta-Device
A schematic of our design is illustrated in the Figure 2a and all the parameters of this design will
be used in both simulations and experimental demonstrations. According to the previous discussion,
once we have identified the materials of each regions, the relationship between the dimensions of
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each regions will be determined. Hence the quasi two dimensional device is made of a 16 cm × 16 cm
copper (κCu = 394 W/(m · K), σCu = 5.9 × 107 S/m) plate with a thickness of 0.1 cm. The copper has
a very high thermal conductivity among the common materials, and the high conductivity will benefit
the dominance of the thermal conduction rather than the convective or radiation. The radii of the
regions 4, 3, 2 are a = 2.6 cm, b = 3.7 cm and c = 4.9 cm. To satisfy the demands of the appropriate
geometry dependent relationships between conductivities of different regions, for convenient, we set
the region 2 as the pure copper medium. It is hard to find a metal with the matched conductivity as the
host medium in region 1 since the thermal conductivity of the metal has a gap approximately between
20 W/(m · K) and 100 W/(m · K). Fortunately, the effective medium theory [6,17,33] can provide a way
to meet the conductivity requirements by mixing multiple materials with appropriate proportions.
As depicted in the graph, one can drill small holes evenly on the copper plate and fill the holes with
the polydimethylsiloxane (PDMS) (κ PDMS = 0.15 W/(m · K, σPDMS = 2.5 × 10−14 S/m). The effective
conductivity of the mixture will follow the rule: ϕe f f = Pϕcu + (1 − P) ϕ PDMS , where P is the volume
fraction of the copper. Thus, by adjusting the volume fraction P, one can tune the conductivity of the
region 1 within a large range. In our model, P = 27.4%. Moreover, using a whole piece of copper to
form both the region 1 and region 2 can reduce the thermal impedance caused by contact thermal
resistance between different materials.
As aforementioned, instead of achieving the temperature dependent conductivity, we can design
a temperature dependent structure [20,21,34]. Therefore, we resort to the shape memory alloys (SMA)
which are kinds of shape memory materials which are able to return to their original shape from visible
deformation state [35]. This shape-memory property correlates to a solid-solid phase transition named
as the martensitic transformation [36]. This transformation is due to the cubic lattice’s transferring to
another lattice with lower symmetry, such as a tetragonal structure. During the transition, the lattice
structure of the SMA will transform among three different phases of austenite , twinned martensite
or detwinned martensite depending on the history of the thermal-stress change. The details of the
phase transitions have been discussed by Sun. et al. in 2012 [37]. In this work, the SMA are driven
by the temperature and can be utilized to construct a moveable structure in region 3 which can
provide two states of effective conductivities. In our design, the slices of SMA can be welded to
the other metals, and as their welding spots’ temperatures are enhanced the slices either bend or
become straight. Moreover, since the thermal conductivity and electrical conductivity of SMA are
small, to ensure the conduction effect, a copper slice with the same dimensions is stuck to the SMA slice
to construct a parallel conduction structure. For this two metals’ coupling bi-slices, the conductivity is
at the same order as the copper, and the SMA only provides the driven force to make the structure
deform. To build the region 3, as shown in Figure 2a, two types of materials in the shapes of sheets
with the same length of c − b are alternately arrayed along the tangential direction to form a ring.
One type of sheet is made of the insulator PDMS and the other one is the bi-slices of SMA and copper.
According to the effective medium theory [6,17,33], the thermal conductivity of this structure should
√
be κ3 = κcu κ PDMS ≈ 7.7 W/(m · K). For the electric conductivity, since the PDMS is an insulator,
the above effective approximation is invalid, we adopt the same Lorentz parameter of copper to
estimate σ3 ≈ 1.1 × 106 S/m. Thus, as shown in the Figure 2b,c when we impose a temperature
gradient to the sample, the heated 18 SMA sawtooth in region 3 will tilt up leading to an alternation
from a connection state to a disconnection state which makes the device switch from a concentrator to
a cloak or vice versa. For the DC electrical conduction, one can set small resistor wires around those
SMA slices. As the circuit is turned on, through careful design, the resistor wires will be heated and
force the sawtooth to deform. It is worth noting although this function switching effect is temperature
dependent, it still can seem as an apparent "intelligent" active associated with the change of the electric
field. After figuring out the conductivity of region 3, the ϕ4 can be calculated. The result is very close
to the stainless steel, whose thermal/electric conductivity is 17.8 W/(m · K)/1.43 × 106 S/m. Hence,
a circular stainless steel film is placed in region 4.
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Figure 2. (a) Blueprint of our experimental sample. The holes on the sample filled with PDMS can be
achieved by chemically etching. (b) The straightened SMA slices lead to cloak state of the bi-functional
multi-physics device. (c) The tilted up SMA slices lead to the concentrator state of the bi-functional
multi-physics device. The arrows in different colors implies the temperature variation can trigger the
switching effect.

In order to further prove the feasibility of our scheme, simulations are performed by applying for
the commercial software COMSOL Multiphysics. By using the relevant data of the actual materials
in the software and setting the critical temperature of SMA transition at TC = 273 K, the simulation
can predict the experimental results, which are presented in the Figure 3. For the cloaking state,
the distributions of the temperature and the voltage in the thermal and DC electrical conduction
case are demonstrated in the Figure 3a,b respectively. On the other hand, Figure 3c,d give the field
distributions when the device act as a concentrator. The results show the multi-physics bi-functional
device works perfectly. As the device is the cloak, the central region holds no potential gradient since
no heat flux or electrical currency flows in, while as the concentrator, the gradient inside the region 4 is
enhanced. Moreover, in both cases, the external potential distribution is uniform. It should be noted
there exist some slight distortions of the temperature/voltage distribution in the region 2 and 3 due to
the shape of the SMA slices. Since we cannot give the exact voltage value that triggers the bending of
the SMA due to the lack of heat dissipation information in the simulation, the difference of the electric
potential for both cloak and concentrator cases are set to be 1 V.
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Figure 3. Finite-element simulation results of the temperature/voltage distributions in the structure
displayed in Figure 2. (a) the temperature distribution of the cloak state; (b) the voltage distribution of
the cloak state; (c) the temperature distribution of the concentrator state; (d) the voltage distribution of
the concentrator state.

According to the simulation results we can fabricate the samples of such intelligent devices
practically. In Figure 4a,b, we show two forms of such devices, which possess two different functions
associated with two different structures that can be tuned by the ambient temperature. The device
on the right functions as a cloak when all the SMA sawteeth are flattened at a low temperature of
5 ◦ C, and it will switch to a concentrator when the SMA slices tilt up as the environment is heated
to reach the critical temperature at 25 ◦ C. The left one is a concentrator at the same low temperature
and can switch to a cloak at 25 ◦ C. Figure 5c,d are the thermal images of one device captured by the
infrared thermal imager FILR E60, and (c) is the temperature field distribution for the cloak while (d)
is the counterpart of the concentrator. The experimental results for the thermal conduction are in good
agreements with the simulation results. It should be noted that the effects of thermal convection and
thermal radiation are sub-dominant and can be neglected in the material with such high conductivity.
In addition, for such a small range of temperature variation (5 to 25 ◦ C), the thermal conductivities for
metals are proportional to the electrical conductivities and will not change with the temperature.
For the electrical field, if one tries to perform the experiment, the first confronted problem is how
to obtain a uniform electric potential distribution, since the imposed voltage on the sample always
existing as the form of the point source leading to the non-uniform voltage distribution, especially when
the high thermal/electric conductivity materials are selected to constitute the sample. So it is hard to
give a good electrical field image as the thermal conduction case. However due to the same form of
the domain equation, theoretically, the performances of our bi-functional device in DC electric filed
can be guaranteed just as the simulation results illustrated in the Figure 3.
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Figure 4. (a,b) are the photograph of the fabricated device. The device are constructed by using two
different types of SMAs: one is flattened at 5 ◦ C and tilts up at 25 ◦ C; the other one is flattened at 25 ◦ C
and tilts up at 5 ◦ C. (c) shows the temperature image of the cloak state captured by infrared thermal
imager and (d) gives the temperature distribution of the concentrator state.
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Figure 5. Finite-element simulation results: Equipotential lines of both voltage and temperature.
The blue lines denote the electrical equipotential lines and the red lines denote the isothermal lines.
The electrical potential difference between the two boundaries of the device is set as 1 V, so the blue
lines will not distort as the temperature is enhanced, and can be seem as invariant references. (a) the
cloak state at the temperature 50 K; (b) the cloak state at the temperature 200 K; (c) the concentrator
state at the temperature 50 K; (d) the concentrator state at the temperature 200 K.

4. Discussion and Conclusions
One may find the values of the κ/σ of different metals are not strictly equivalent as implicated by
Wiedemann-Franz law, and due to the mismatch of the thermal and the electrical conductivities one may
also worry about that the device consisting of these materials cannot perform perfectly in both thermal
and electric fields. This fact has been mentioned by Yang et al. [28] before. In that paper, they point out
a method to solve the problem by mixing another material with a higher value of κ/σ on the interface.
In our design, the PMDS works as the high κ/σ ratio material. In addition, it is unnecessary to achieve
a perfect cloak, in which the constant B11 = 0. If B11 is small enough, there are no detectable distortions of
the field outside the device. Therefore, the tolerance of the conductivities’ mismatching is actually much
higher. As observed from the simulation results, this mismatch has little effect on our design.
What is more, the ratio of κ/σ will also be affected by the temperature difference. To illustrate this
effect, we give the contour distributions at different temperature differences. In Figure 5a,b, the red
lines denote the isothermal lines in the same cloak device at different temperature differences: (a) is
50 K; (b) is 200 K. As the references, the blue lines indicate the electric equipotential lines and the
potential difference between the two edges of the device is set as 1 V in both (a) and (b). As the
temperature difference increase to 200 K, the obvious divergences between the two contours start to
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appear. Similarly, comparing to the differences between the red lines and blue ones in Figure 5c,d,
the same results can also be observed in the concentrator state. Intriguingly, the divergences cannot
be detected in regions 1 and 2 for the cloaking case. Taking account of no flux can enter into the
region 4 and region 1, 2 are made of a whole copper plate, it implies that this distortion is induced by
the coupling of different metals. However, according to the simulation results, the affections of the
temperature do not have a significant impact on the functionality of the device.
To sum up, in this article we have extended the bi-functional devices from the thermal field to the
multiple physics field. We have proposed the desired conductivities to achieve a type of metamaterial
that permits a device to sense the variation of the ambient temperature or electric potential field and
altering between a cloak and a concentrator. Practical design to realize this function switching effect
in both thermal and DC electrical conduction by utilizing the shape memory alloys are also given.
In addition, the performance of our design can be confirmed by the finite element simulations. If one
can impose a uniform surface potential source on the device’s boundary and the SMA slices’ straight
state can be improved to provide robust connections between different regions, the experiment can be
further performed.
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