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ABSTRACT

The control of thermal and electric currents is important for many devices and applications. Being able to independently direct the two
flows under simultaneous thermal and voltage gradients is, however, difficult when coupling via thermoelectric effects is present in the
material. Here, we present a general computational scheme for the design of composites whose constituent materials follow a simple circuit
theory of in-parallel and in-series connected transport properties capable of enhancing or inhibiting electric and thermal currents in a
desired direction. We show that using the geometry of the flow, thermoelectric metamaterials for controlling currents can be designed using
individual components. Controlling the thermoelectrically coupled electric and thermal currents in terms of different flow directions can be
significantly optimized by exploring the dissimilarity of the transport properties of the different components.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0004037

I. INTRODUCTION

Thermal and electric flows are examples of types of transport,
which are important for many practical applications. Understanding
the fundamental science of electricity and heat and being able to
control them in a given system are of utmost importance for
improving existing devices and constructing new ones. In many
materials, there is a significant Seebeck effect; thus, electric and
thermal currents are coupled, giving rise to thermoelectric
transport.1–4 Therefore, controlling electric and heat transport
independently is challenging.

In order to build the fundamental science of different types of
transport for thermoelectric applications, significant efforts have
been devoted toward engineering energy and phonon band struc-
tures and scattering processes in materials.5–9 This involves exten-
sive first principles simulations in collaboration with experiments
for synthesis and characterization. The main goal in the majority of
such studies is to understand the microscopic nature of materials
and use it to our advantage. In the field of thermoelectricity,
for example, the aim is to find materials suitable for devices for
power generation and refrigeration with enhanced efficiency of
conversion.5–9

Being able to control thermal and electric flows using macro-
scopic approaches is emerging as an alternative approach, which
promises to deliver new types of devices.10,11 Specifically, systems

capable of achieving cloaking, rotating, and concentrating of thermal
and electric currents have been demonstrated in the laboratory.12–15

Such works have relied on transformation optics techniques, which
take advantage of the invariance of fundamental equations, whose
solutions are used to design composites for achieving these unique
effects.16 Recently, this approach has been extended to thermoelectric
transport with proposed metamaterials with similar targeted effects,
such as cloaking, rotating, and concentrating of thermoelectric
flow.17,18 These efforts are an important step forward in finding new
ways to control not only individual electric and thermal flows but
also thermoelectrically coupled transport under applied temperature
and voltage gradients. Specifically, thermoelectric devices are envi-
ronmentally friendly and reliable, but their efficiency of energy con-
version is rather low due to the interrelated transport properties of
the material.1–4 The underlying reason for this situation is the fact
that charge carriers carry electricity and heat; thus, it is difficult to
separate electric and heat currents. Therefore, finding ways to inde-
pendently control such currents in thermoelectric materials at a mac-
roscopic scale, beyond electronic structure engineering, gives an
alternative in seeking ways to improve the functionality of thermo-
electric devices.

The recently proposed thermoelectric metamaterials17,18 can
operate regardless of the applied boundary conditions. They can also
function in a thermal or electric mode when only temperature of the
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voltage gradient is applied. It is important to note that the designed
thermoelectric metamaterials affect the currents coupled via the
Seebeck effect in the same way. For example, the electric and thermal
flows are cloaked in the same manner in the case of a thermoelectric
cloak. This is closely related to the specific coordinate transformation
being applied to the fundamental thermodynamic equations for the
entire transport, as required by transformation optics techniques.

Here, we explore pathways for metamaterials design suitable
for separately controlling thermal and electric currents that are
thermoelectrically coupled. For this purpose, we utilize knowledge
obtained from thermoelectric metamaterials design from transfor-
mation optics, although our approach does not rely on the invari-
ance of the transport equations under coordinate transformations.
Using materials components with transport properties obeying
simple circuit theory for in-parallel and in-series elements and fol-
lowing the geometry of the flow, composite materials for directing
thermal and electric flows in different directions can be obtained.
This scheme is rather transparent and concerns transport at larger
scales. The thermal and electric conductivities are found using
straightforward relations for in-parallel and in-series connected ele-
ments, which allow promoting or inhibiting the specific type of
current in a prescribed direction. A complete separation between
the electric and thermal flows, however, is difficult to achieve in
practice, since it requires extreme values of the electric and thermal
conductivities.

In this paper, we investigate the application of this idea to dif-
ferent scenarios of independently controlling thermoelectrically
coupled thermal and electric currents under the application of
temperature and voltage gradients. The relationship between the
directions of flows, material properties, and degree of current sepa-
ration are also examined. We show that by adopting the proposed
design principles, the transport properties of the constituent mate-
rials, such as the electric conductivity, thermal conductivity, and
Seebeck coefficient, can be used to improve the independent
control of the electric and thermal flows.

II. THEORETICAL MODELING

The main problem considered here involves a material under
general thermoelectric boundary conditions as specified in Fig. 1(a).
The applied temperature and voltage gradients cause the flow of
thermal and electric currents, which in general are coupled via a
Seebeck coefficient as described by thermodynamics. This coupling
implies that as carriers move along a voltage gradient ∇V , heat is
transported as well. At the same time, the generated thermal current
due to a temperature gradient ∇T causes the accumulation of carri-
ers on the hot side, which promotes the generation of an electric
current. Our goal is to design a composite that will allow separating
the two types of flows by sending each current in a different direc-
tion, as schematically shown in Fig. 1(b).

To achieve this goal, we consider diffusive thermoelectric
transport as described by basic thermodynamics:19,20

J ¼ � σ
$ �∇μ� σ

$ � S$ �∇T , (1)

JQ ¼ � κ
$ �∇T þ TS

$
T � J, (2)

where J is the electric current density, JQ is the heat current
density, σ

$
is the electrical conductivity tensor, κ

$
is the thermal

conductivity tensor, and S
$

is the Seebeck coefficient tensor (S
$
T is

the transposed tensor). The above constitutive equations follow
Onsager’s theory19,20 reflecting the linear relations between currents
and generalized forces, and they are consistent with Ohm’s law and
Fourier’s law. The governing equations for thermoelectric transport
phenomena are given, respectively, below:

∇ � J ¼ 0, ∇ � JQ ¼ �∇μ � J, (3)

where μ ¼ μC þ eV is the electrochemical potential (μC is the
chemical potential and eV is the electric potential energy).

The constitutive equations together with the basic physics laws
make up the framework for transport description regardless of the
materials involved, even in cases with inhomogeneity and anisot-
ropy present. The first term in Eq. (1) shows that materials with a
large electric conductivity promote a large electric current when
∇μ is applied. Similarly, a large thermal current is obtained in
materials with a large thermal conductivity under the application
of ∇T . Therefore, in order to enhance or inhibit J or JQ in a certain
direction, the electric and thermal conductivities must be large or
small accordingly. The issue is that single crystal materials that have
large σ typically have large κ, and vice versa. Also, due to the ther-
moelectric coupling, it is difficult to overcome this problem when
one desires to independently direct electric and thermal currents.

We propose that by constructing a composite whose basic unit
is a block of four materials, as shown in Fig. 1(c), an independent

FIG. 1. (a) Schematics of coupled electric and thermal currents under stan-
dard thermoelectric boundary conditions specified by thermally isolated top
and bottom sides, grounded cold side, and an incoming current J on the
hot side. The red and blue arrows represent the heat and electric currents,
respectively. (b) Schematics of desired separation of the two flows under
the same boundary conditions. (c) Schematic representation of the unit con-
sisting of a block of four materials. This unit can be thought as arranging
materials with homogeneous and isotropic properties, such that direction I
is parallel to the σA, σB boundary, while direction II is parallel to the κA, κB

boundary (right panel).
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control of J and JQ and separation in flow directions obeying
Eqs. (1) and (2) can be achieved to a large degree. The basic unit
consists of four homogeneous and isotropic materials with proper-
ties (σA, κA, SA), (σA, κB, SA), (σB, κA, SB), and (σB, κB, SB): To
ensure the promotion or inhibition of the currents, we demand
that these materials be effectively connected in series and parallel
such that the resultant conductivities and thermal conductivities in
some directions, denoted in Fig. 1(c) as I and II, obey the following
relations:

σI ¼ σA þ σB

2
, σII ¼ 2σAσB

σA þ σB
, κI ¼ 2κAκB

κA þ κB
, κII ¼ κA þ κB

2
,

σISI ¼ σASA þ σBSB
2

, σIISII ¼ 2σASAσBSB
σASA þ σBSB

: ð4Þ

From the above equations, one finds that the conductivity of
the four-material unit is bigger in one direction σI . σII , while the
thermal conductivity is bigger in the other direction κI , κII .
This indicates that larger electric current will flow in direction I
when compared to direction II, while the opposite trend in direc-
tion is found for the thermal current. The equations for the
Seebeck coefficients show that SI and SII have a similar behavior as
σI and σII , and they are also dependent on SA and SB of the constit-
uent materials.

Equation (4) indicates that materials with largely different
σA, σB and κA, κB are needed in order to achieve an independent
flow control. Furthermore, the materials comprising the basic four-
component unit in Fig. 1(c) will have their own Seebeck coeffi-
cients, which can also affect the currents flows. While it is desirable
for the entire initially generated currents to be directed along a
given path, the presence of thermoelectric coupling may cause
some current diversion from the prescribed directions in Eq. (4).
The Seebeck effect reflects the fact that the electric carriers also
carry heat in the transport process, and at the same time, the
thermal gradient makes charges accumulate on the hot side; thus,
an electric current is generated, which is imbedded in the thermo-
dynamic Eq. (4). Nevertheless, SA and SB may be used as additional
design parameters to optimize the process of control of the electric
and thermal currents.

To further understand how the dissimilarity in the electric
and thermal conductivities affects the transport and to explore the
Seebeck coefficients as additional design parameters, the following
is defined:

βσ ¼ σA

σB
, βκ ¼ κA

κB
, βS ¼

SA
SB

: (5)

With these parameters, one can quantify how well the separa-
tion of the two types of currents can be achieved. For example, if
βσ ! 1 and βκ ! 0, then J flows entirely in direction I, while JQ
flows entirely in direction II even in the presence of thermoelectric
coupling through the Seebeck coefficient. This is actually not possi-
ble to achieve in practice, since nature does not offer materials with
transport properties of such extreme values. Thus, materials with
very dissimilar thermal and electric conductivities can be used to
achieve an approximate degree of separation and control of the

electric and thermal currents, which can also be further optimized
by using different βS ratios.

III. RESULTS AND DISCUSSION

Using the design principle discussed above, we show some
examples of how the thermoelectrically coupled electric and thermal
currents can be directed in different ways under standard TE boun-
dary conditions (specified in Fig. 2). Constructing a composite of
elements as shown in Fig. 2(a) allows the electric current to be pro-
moted to flow from the hot A1A2 side toward the top right side,
denoted as B1B2 (chosen as B1B2 ¼ A1A2

2 ). At the same time, the
thermal current can be promoted to flow from A1A2 mostly in the
bottom right side, denoted as B2B3 in Fig. 2(a), under standard ther-
moelectric boundary conditions (to be quantified in what follows).

The design concept can be understood by realizing that the com-
posite consists of a checkered-like pattern consisting of N elements
with four types of isotropic and homogeneous materials with
(σA, κA, SA), (σA, κB, SA), (σB, κA, SB), (σB, κB, SB) [schematics
in Fig. 1(c)] and following the in-parallel and in-series scheme
from Eq. (4). Specifically, in Fig. 2(a), there are n = 7 components,
following a layered-like arrangement outlined by the direction of
the electric current, with alternating electric conductivities and
Seebeck coefficients σA, SA and σB, SB and n = 7 components, follow-
ing a layered-like arrangement outlined by the direction of the heat
current, with alternating thermal conductivities κA andκB, giving the
composite with N = 33 elements [right panel in Fig. 2(a)]. To better
understand the operation of the scheme in Eq. (4), the Seebeck coef-
ficients in the examples in Fig. 2 are chosen to be the same every-
where SA ¼ SB ¼ S.

To demonstrate this type of current control, we perform
simulations of the electric and thermal currents as a function of space
from Eqs. (1) to (3) while the constitutive relations in Eq. (3) are satis-
fied by using a finite element method equations solver as implemented
in the COMSOL code.21 For this purpose, the chosen boundary
conditions (schematics in Fig. 1) include the left end being held at
Th ¼ 300 K with a current density along the x-direction Jin ¼ 1 A/m2

and the right end is electrically grounded and held at Tc ¼ 285 K.
The top and bottom sides are thermally isolated. The overall size of
the composite is 10 cm by 10 cm. The results from the calculations
for the chosen representative values βσ ¼ 20 and βκ ¼ 20 are
shown in Figs. 2(b)–2(d), which indicate that most of the electric
current (represented by yellow arrows) now flows in the upper left
side, while the thermal current flows in the bottom left side (repre-
sented by red arrows), as can be seen by the increased density of
yellow and red arrows. Since the composite material is not isotropic
and homogeneous, the electric and heat currents are not constant
throughout space. Consequently, the intensity of a given current in
different locations gives a quantitative measure of its direction and
degree of separation. Thus, we define the following parameters for
the electric and thermal flows along the x-axis:

ζe(r) ¼
J(r) � x̂
Jinjx¼0

, ζQ(r) ¼
JQ(r) � x̂
JinQ jx¼0

, (6)

where J(r) is the electric current density at some location
r ¼ (x, y), x̂ is the unit vector along the x-direction, and Jinjx¼0 is
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the magnitude of the incoming electric current density at x ¼ 0
(fixed by the initial conditions). Thus, ζe and ζQ depict the relative
strength of electric and heat currents at any given points in the
region with respect to the incoming currents at the left boundary.
Currents with larger density than the incoming ones correspond to
ζe, ζQ . 1 while currents with lesser density than the incoming
ones correspond to ζe, ζQ , 1. The same notation is implied for
the heat current density. In Figs. 2(c) and 2(d), we show the surface
plots for ζe(r) and ζQ(r), respectively, that correspond to the results
displayed in Fig. 2(b). Clearly, the intensities of the electric and
heat currents are not uniform. The electric current is guided along
the layers with high electric conductivity with intensity increasing
toward the B1B2 side. The heat current is guided along the layers
with high thermal conductivity with intensity increasing toward the
B2B3 side. Our subsequent calculations show that due to the ther-
moelectric boundary condition, J(r) � ŷ and JQ(r) � ŷ are several
orders of magnitude smaller than J(r) � x̂ and JQ(r) � x̂; thus, they
do not contribute to the transport significantly and are not consid-
ered further.

In Fig. 2(e), we offer another example of thermoelectric
flow control using a different type of metamaterial composite.
In the case of n ¼ 7 layered-like elements with alternating

electrical conductivities and Seebeck coefficients
σA, SA and σB, SB and n = 7 layered-like elements with alternating
thermal conductivities κA and κB, the resultant system [right
panel of Fig. 2(e)] has a diamond-like shape in the center with
most of the electric current passing around its top corner and
most of the heat current passing around its bottom corner. The
results from the simulations for this system under the same
boundary conditions as for Fig. 2(c) are shown in Fig. 2(f ). The
yellow arrows indicate the directional flow of the electric
current, while the red arrows indicate the directional flow of the
heat current. The diamond-like region in the center has practi-
cally no currents inside, and J passes above that region while
JQ passes below it, which is further indicated by the intensity
parameters in Figs. 2(g) and 2(h).

The directional control of the thermoelectric currents quanti-
fied by the parameters ζe(r) and ζQ(r) and shown in Fig. 2 depend
on the βσ and βκ ratios of dissimilarity of the transport properties
in Eq. (5), as well as the number of elements making up the meta-
material composites. To further examine this behavior, it is more
convenient to study how the intensity ratios involving average outgo-
ing current densities behave as a function of βσ and βκ . As a repre-
sentative example, the directional control in Figs. 2(a)–2(d) is taken,

FIG. 2. (a) Schematics of a composite made with n = 7 layers with homogeneous thermal conductivities with κA (dark blue), κB (light blue), and n = 7 layers with homoge-
neous electric conductivities with σA, SA (vertical lines) and σB , SB (horizontal lines). The resulting composite contains N = 33 elements with four types of homogeneous
properties (σA, κA, SA), (σA, κB, SA), (σB, κA, SB), and (σB, κB, SB). (b) Results from numerical simulations for the composite from (a) for the electric (yellow arrows)
and thermal (red arrows) currents. The background surface plot is the temperature distribution. (c) Density plots of ζe [defined in Eq. (6)] for the composite from (b).
(d) Density plots of ζQ [defined in Eq. (6)] for the composite from (b). (e) Schematics of a composite made of arranging n = 7 layered-like components with homogeneous
thermal conductivities with κA (dark blue), κB (light blue), and n = 7 layered-like with homogeneous electric conductivities with σA, SA (vertical lines) and σB, SB (horizontal
lines). The term “layered-like” is intended to indicate the direction followed by the currents. The resulting composite contains N = 33 elements with four types of homogeneous
properties (σA, κA, SA), (σA, κB, SA), (σB, κA, SB), and (σB, κB, SB). (f ) Results from numerical simulations for the composite from (e) for the electric (yellow arrows) and
thermal (red arrows) currents. The background surface plot is the temperature distribution. (g) Density plots of ζe for the composite from (f ). (h) Density plots of ζQ for the com-
posite from (f ). The values taken in the simulations are βσ ¼ 20, σA ¼ 2000 S

m , σB ¼ 100 S
m, βκ ¼ 20, κA ¼ 20 W

m�K , κB ¼ 1 W
m�K , βS ¼ 1, and SA ¼ SB ¼ 10�4 V

K.
The boundary conditions for the simulations are Th ¼ 300 K, and Tc ¼ 285 K, and electric current flow from the Th side is J ¼ 1 A/m2. The sides A1A2 and B1B2B3 labeling
are the same for all panels on the top row.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 128, 025104 (2020); doi: 10.1063/5.0004037 128, 025104-4

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


for which we consider the following parameters for average outgoing

currents: ζe,I ¼
Javx jB1B2
Jinjx¼0

, ζe,II ¼
Javx jB1B2
Jinjx¼0

, ζQ,I ¼
JavQ,x jB1B2
JinQ jx¼0

, ζQ,II ¼
JavQ,x jB2B3
JinQ jx¼0

,

where Javx jB1B2
, Javx jB1B2

, JavQ,xjB1B2
, and JavQ,xjB2B3 are the x-components

of electric and heat current densities evaluated per unit length for
B1B2 andB2B3, respectively.

In Fig. 3, we show how ζe,I,II and ζQ,I,II evolve as βσ and βκ are
changed for different number of n-layers. One finds that as βσ
increases, ζe,I also increases; however, the opposite behavior is
found for ζe,II as seen from Figs. 3(a) and 3(b). This indicates that
the in-series σI guides most of J toward B1B2, while the in-parallel
σII will inhibit most of J toward B2B3. The functional dependences
for ζQ,I,II in Figs. 3(c) and 3(d) show an opposite flowing trend for
the heat current. Figure 3 also indicates that as βσ and βκ increase,
ζe,I and ζQ,II approach 2 asymptotically, while ζe,II and ζQ,I
approach 0 asymptotically. Since SA ¼ SB, the thermoelectric
coupling due to the Seebeck effect is the same in all materials;
therefore, the separation effects are mainly attributed to σ and κ.
This is further understood in terms of flow conservation, such that
the electric and heat currents entering and leaving the region
must be the same. Given that jB1B2j ¼ jB2B3j ¼ jA1A2j

2 , the outgoing
average electric current will have twice the average intensity of the
incoming current along B1B2 for sufficiently large βσ and the out-
going average heat current will have twice the average intensity of
the incoming heat current along B2B3 for sufficiently large βκ .

Next, we explore the effects of the Seebeck coefficients for the
materials making up the four-material unit for the constructed

composite in Fig. 4. The properties of the four materials are now
taken when the composite does not have the same Seebeck coeffi-
cient everywhere, as discussed above. In Fig. 4, we show how the
ratios of average intensities of incoming and outgoing currents
behave as a function of βS ¼ SA/SB for different values of βσ and βκ .
Figure 4(a) indicates that ζe,I increases in a linear-like fashion as βS
as long as βσ = 1. On the other hand, the corresponding ζe,II
decreases linearly, and for sufficiently large βS, it can even become
negative [Fig. 4(b)]. This behavior shows that the electric current
density toward the B1B2 side [Fig. 3(a)] can increase several times
the incoming current density. However, ζe,II , 0 indicates that
the electric current flows in the negative x-direction. Just like in
the case of SA ¼ SB (Fig. 3), one finds that ζe,I þ ζe,II ¼ 2 and
ζQ,I þ ζQ,II ¼ 2 in all cases, which is a reflection of the fulfillment
of the conservation laws from Eq. (3).

We note that when βσ ¼ 1, the trend for ζe,I and ζe,II as a
function of βS is the opposite when compared with the discussed
βσ = 1 cases, e.g., in Fig. 4(a), the slopes of the ζe,I curves are nega-
tive for βσ ¼ 1 and positive for βσ = 1, while in Fig. 4(b), the
slopes of ζe,I curves are positive for βσ ¼ 1 and negative for βσ = 1.
Specifically, the electric current is directed toward the B2B3 side,
while the electric current at the B1B2 side flows in the negative
x-direction (see Fig. 1). Therefore, keeping the electric conductiv-
ity the same everywhere is not beneficial since the initially desired
directional control for J (toward the B1B2 side, positive x-axis) is
not achieved. Figures 4(c) and 4(d) further shows that the dissimilarity
in the Seebeck coefficients for the components of the metamaterial

FIG. 3. (a) The parameter ζe,I ¼
Javx jB1B2
Jin jx¼0

as a function of βσ . (b) The parameter ζe,II ¼
Javx jB2B3
Jin jx¼0

as a function of βσ . (c) The parameter ζQ,I ¼
JavQ,x jB1B2
JinQ jx¼0

as a function of βκ .

(c) The parameter ζQ,II ¼
JavQ,x jB2B3
JinQ jx¼0

as a function of βκ . The material properties in (a) and (b) are taken as σB ¼ 100 S
m , βκ ¼ 20, κA ¼ 20 W

m�K ,

κB ¼ 1 W
m�K , βS ¼ 1, and SA ¼ SB ¼ 10�4 V

K. The material properties in (c) and (d) are βσ ¼ 20, σA ¼ 2000 S
m , σB ¼ 100 S

m , κB ¼ 1 W
m�K ,

βS ¼ 1, and SA ¼ SB ¼ 10�4 V
K.

FIG. 4. The parameters (a) ζe,I ¼
Javx jB1B2
Jin jx¼0

, (b) ζe,II ¼
Javx jB2B3
Jin jx¼0

, (c) ζQ,I ¼
JavQ,x jB1B2
JinQ jx¼0

, and (d) ζQ,2 ¼
JavQ,x jB2B3
JinQ jx¼0

as functions of βS for several values of βσ and βκ ; here,

SB ¼ 10�6 V
K. The so-defined parameters correspond to the metamaterial composite from Fig. 2(a). The color legend is the same in all panels.
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does not affect significantly the thermal flow density. We find that
ζQ,I and ζQ,II are almost constant as a function of βS. In fact, our
calculations indicate that the behavior of JQ is primarily deter-
mined by the thermal conductivity properties captured in βκ . It is
interesting to note that for βκ ¼ 1, the thermal flow is isotropic
with ζQ,I ¼ ζQ,II ¼ 1. This is expected since the thermal conduc-
tivity is the same everywhere. However, the larger dissimilarity
between κA and κB promotes almost the entire heat current to
flow toward the B2B3 side as evident from the βκ ¼ 20, 40 cases
in Figs. 4(c) and 4(d).

For practical realization of such composites, the interface
between the different components must be considered. For example,
bringing two materials together creates a boundary region, which in
turn can interrupt the predesigned flows, and the degree of separa-
tion between the thermal and electric currents can become smaller
than the predicted one. Therefore, such unwanted effects must be
minimized. While the role of the interfaces is dependent on the
thickness and it can be introduced in the above developed scheme,
experimental and computational studies for metamaterials (such as
thermal cloaks, for example) have shown that abrupt interfaces,18,22

which can be realized in the laboratory, have a small effect on the
predesigned transport.

IV. CONCLUSIONS

In this work, we have proposed a design scheme to achieve
relatively independent control of thermoelectrically coupled electric
and thermal currents under standard thermoelectric boundary con-
ditions. Our approach is based on the governing equations from
basic thermodynamics, which are suitable for transport at large
scales. The directional flow of the currents involves layered-like
materials whose geometry controls the directions of the currents.
The electric and thermal conductivities of these materials are based
on simple circuit theory with in-series and in-parallel connected
components that enhance or inhibit the currents in a desired direc-
tion. The Seebeck coefficients of the materials can also be used for
further optimization of the electric current primarily, since the heat
current is mainly determined by the thermal conductivities of the
materials. The resultant metamaterial is an inhomogeneous com-
posite with strongly anisotropic properties, which are not readily
available in nature but can be achieved from individual homoge-
neous isotropic materials. The characteristics of the individual
materials components are highly dissimilar due to the proposed
design. Although the practical realization of such metamaterials
may be challenging, the ever-growing materials library, especially in
recent years, gives hope that systems with desired properties to
achieve targeted directional control of thermoelectric flow may be
found. Depending on the requirements for the transport properties
of the individual components, one can use metals (high σ and κ),
insulators (low σ and κ), as well as different semiconductors, poly-
mers, and alloys, which can answer the various demands for the
σ andκ values. The proposed design can be applied to various types

of geometries related to the flow of the currents. We note that more
studies are necessary in order to see how such composites for direc-
tional control of electric and heat currents can be used to enhance
the efficiency of thermoelectric conversion. This technique can also
be adopted to other coupled phenomena, such as electro-osmosis,
thermal-osmosis, and thermophoresis, which further increases the
impact of our work.
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