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The recently proposed space-time-coding electromagnetic metasurface introduces the temporal dimen-
sion into artificial structure design, greatly expanding its digital application in information processing.
However, the counterpart in thermal digital metamaterial is still lacking but compelling because the
absence of temporal dimension prohibits synergetic modulation of thermal signal in time and space, thus
limiting the capacity of information storage and the efficiency of information transmission with heat.
Here, we introduce the temporal modulation into existing spatially variable thermal coding structures and
propose a space-time thermal binary coding scheme. We design a category of coding units with time-
dependent metashells so that they can switch their functionalities between cloaking and concentrating in
time sequences. Integrating these identical units on a two-dimensional spatial array, we numerically show
that this single metasurface can output various digital signal sequences composed of 0 and 1 in time and
space dimensions. We further experimentally realize the temporal modulation with a rotatable concentric
multilayered structure driven by a time-stepping motor. These results demonstrate a practical space-time
strategy for thermal binary coding, provide a feasible prototype for spatiotemporal regulation of thermal
signal, and promisingly open an alternative way for realizing information processing in diffusion systems.
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I. INTRODUCTION

Metamaterials have superior physical properties beyond
natural materials because their microstructures and corre-
sponding functions can be artificially designed and tailored
[1,2]. The past decades have witnessed the magnificent
development of this field covering both wave and diffu-
sion systems, which is still the frontier crossing physics
and engineering to date [3—5]. Due to the remarkable
machinability and controllability of metamaterials, various
unprecedented devices have been presented [6]. Notably,
information metamaterials [7,8] are a representative cat-
egory of advanced applications by digitally regulating
electromagnetic wave, and have been particularly signif-
icant and promising with the arrival of the big data era.
By designing two unit structures with opposite reflec-
tion phases as the binary data bits “1” and “0” [9], the
proposed digital coding and programmable metamaterials
make people accessible to the tools that are similar to elec-
tronic computers for processing and storing information.
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Thus, it provides a different opportunity to bridge the dig-
ital and physical worlds beyond existing electron-based
computer schemes [10,11]. However, the earlier studies
of information metamaterials are almost confined to pas-
sive modulation, whose functionalities are fixed in time
and tuned only by additional installations. The lack of
intelligence and flexibility severely limits their practical
application. Fortunately, the recently emerged concept of
space time in material design makes it possible to modulate
intrinsic functionalities dynamically [12]. The introduction
of temporal dimension facilitates space-time-coding digital
metasurfaces [13—15], which improves the intelligence and
flexibility significantly. Besides wave systems like elec-
tromagnetic and acoustic wave, heat transfer is a process
of energy diffusion that is ubiquitous in nature. If such
a diffusion process can also be utilized to achieve infor-
mation coding, massive amounts of waste heat will have
other application scenarios and it is possible to open an
alternative way in diffusion systems for realizing analogy
developments of information metamaterials.

Thermal metamaterials provide us with this opportunity
to achieve thermal coding by elaborately designing and
constructing artificial systems. Thanks to transformation
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thermotics [16,17], various thermal metadevices are suc-
cessfully realized, such as thermal cloaks, concentrators,
and rotators [18-20]. Remarkably, a thermal concentra-
tor gathers heat flow while a thermal cloak shields heat
flow in their function regions, so that the local heat fluxes
of them are completely different under the same bound-
ary conditions. By coding the heat fluxes in the center of
thermal cloak and concentrator equivalently as the digi-
tal data bits “0” and “1”, the concept of binary thermal
coding has been proposed [21]. Subsequently, the modu-
lation methods of thermal coding are promptly developed
by employing various modes of heat transfer [22,23] and
multiple ways of functionality switch [24-27]. However,
in the existing works, thermal parameters of coding ele-
ments are all fixed in time, saying the exploration of
their temporal dimension is intrinsically elusive. There-
fore, as previously mentioned, the lack of time sequence
seriously reduces the capacity of information storage and
the efficiency of information transmission in practical
applications.

To solve this problem, in this paper, we propose a
space-time thermal binary coding scheme. Inspired by the
concept of spatiotemporal modulation on thermal param-
eters [28—32], we successfully realize united space-time
regulation of thermal signal on a single metasurface. The
schematic diagram is shown in Fig. 1. Coding unit consists
of a spatiotemporally volatile metashell and is arranged in
a fixed background. Hot and cold sources are applied to

spatiotemporal metashell
A

1

concentrator:

cloak: 0

external field

coding unit

FIG. 1.

the upper and lower boundaries for thermal signal input,
and a probe is placed in the center of every coding unit
to detect local heat flux. As the metashell parameters
change over time, the coding unit switches between con-
centrator and cloak accordingly. Thus, the detected heat
flux has two states, which can be coded as data bits “1”
and “0,” corresponding to thermal concentrator and cloak,
respectively. The detected heat flux is time varying and
space distributing, which can be read out in a space-time
sequence. One can integrate coding units into an array
metasurface, and program output signal sequences with
a field-programmable gate array (FPGA) to store or pro-
cess thermal information. By recording the time-varying
heat flux of every unit and coding them as binary num-
ber arrays, space-time coding sequences can be obtained.
It means that a single thermal metasurface can output a
variety of coding sequences in time and space dimensions,
which enhances the information storage and transmission
efficiency. Compared with the existing thermal coding
metasurfaces, our scheme explores the temporal dimension
by spatiotemporal modulation and dramatically improves
flexibility and intelligence, hence laying a solid founda-
tion for future practical application. In what follows, we
explain the proposed theory in detail, and perform finite-
element simulations to validate our theory. Subsequently,
we experimentally demonstrate the feasibility of spa-
tiotemporal coding unit. Let us begin with the theoretical
methods.

metasurfac®

space-time coding sequence

Conceptual illustration of spatiotemporal thermal binary coding. A probe is placed in the central area of each coding unit

to detect the heat flux. The thermal conductivity of the metashell in each coding unit changes over time, causing the unit to switch
between concentrator and cloak accordingly. The heat fluxes measured by the probe in these two cases are encoded as equivalent
binary data bits 1 and 0. In the illustrated example, many coding units can be integrated into a programmable thermal metasurface,
and kinds of this metasurface form a field programmable gate array. Time-varying coding sequences can be obtained by recording the

detected heat fluxes and encoding them as binary number arrays.
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II. PRINCIPLE OF SPACE-TIME THERMAL
BINARY CODING

Given that heat transfers across the metasurface, the dif-
fusion process without internal heat source is governed by
classical Fourier’s law

d (pcT)
at

+V (—kVT) =0, (1)

where p, ¢, and « are the mass density, heat capacity, and
thermal conductivity, respectively. T is the temperature.
Previous studies have proved that Eq. (1) is form invariant
under coordinate transformation even though the param-
eters are spatiotemporally modulated [33], and the trans-
formed parameters satisfy the principle of transformation
thermotics, i.e., k’ = JxJT/det ], (pc) = pc/det, where
k" and (pc)’ are the transformed thermal conductivity and
the product of mass density and heat capacity, respectively.
In order to avoid the effect of mass flow due to density
transformation [30], mass density is set as a constant in
this work, and only thermal capacity is transformed. J is
Jacobian transformation matrix for coordinate transforma-
tion between virtual and physical spaces. Here, we con-
fine heat conduction in the two-dimensional space, so the
two-dimensional coordinate transformation is applied. For
transformation rules without considering angle in cylin-
drical coordinates, the Jacobian matrix is J = diag(J,,J,),
where J, = 97/ /0r and J; = (+/36") /(rd0) = ¥ /r. Accord-
ing to transformation thermotics, the shell (r; < ¥ < r;)
parameters of thermal concentrator are [see Part A of the
Appendix for detailed derivation]
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where kg and Cj are the thermal conductivity and the
product of heat capacity and constant mass density of the
background material, and 3 determines the concentrating
effect of the central temperature gradient, with a maximum
value of r,. k! and C/_ represent the transformed shell

con con
parameters. The core (¥ < r;) parameters are

K. = Ko, (3a)

r3 2
C. =G (-) . (3b)
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Similarly, for thermal cloak, the shell parameters can
be derived as [see Part A of the Appendix for detailed

derivation]
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where «,, and C,; represent the transformed shell param-
eters of thermal cloak. Since thermal cloak prevents heat
flow into the core, the core parameters can be set arbi-
trarily without affecting the cloaking function. Comparing
Egs. (2) and (4), it is not hard to see that when r; =
0, cloak and concentrator share the same shell param-
eters. Since we hope that the thermal coding unit we
propose can switch between cloak and concentrator over
time, an appropriate step function needs to be con-
structed to modulate the shell parameters of a coding unit
spatiotemporally.

Herein, we design the spatiotemporal thermal coding
unit using a space-time-dependent step function. First, we
design the shell parameters of a coding unit as

Ko(1 — L0y 0

K;(X, )= (ra=raf ®) ri—raf () )

0 “o(l = Ty
(5a)
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— t — t
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‘ r—r r'(ry —rf (1)

(5b)

where f (f) is the designed time-dependent step function.
As f (f) oscillates between 0 and 1 over time, the shell
parameters of a coding unit also switch between cloak and
concentrator accordingly. The step function f (#) in this
work is set as

cos(wt+¢)
(lcos(wt+¢)| + 1)

f= 5 ; (6)
where w is the frequency of the coding unit and ¢ is
a constant to prevent cos(wt—+ ¢) from vanishing. As
time goes on, ((cos(wt+ ¢))/(Jcos(wt + ¢p)|) + 1) oscil-
lates between 0 and 2, so f (¢) oscillates between 0 and
1, causing the coding unit to switch between cloak and
concentrator. Now, we discuss the core parameters of the
coding unit. For thermal cloak, the core parameters can
be set arbitrary. For thermal concentrator, the core param-
eters keep invariant in the steady state according to Eq.
(3). Therefore, as shown in Fig. 1, we set the core of
the coding unit to the same material as the background.
Substituting Eq. (6) into Eq. (5), the parameters of a spa-
tiotemporal coding unit that will switch between cloak and
concentrator over time are obtained. Encoding the detected
heat fluxes as data bits “0” and “1” when the coding unit
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become cloak and concentrator, respectively, we obtain the
spatiotemporal thermal binary coding. Then, by integrating
such designed coding units into an array, spatiotemporal
coding sequences can be output.

A key point to be noted is that the coding sequence is
output by programming the heat flux detected in the cen-
tral region of the coding unit, and the detected heat flux is
steady and valid only when the system reaches stable state
after switch operation. It means that the system needs to
respond instantaneously to rapidly time-varying parame-
ters, which requires the system to be small enough or have
a sufficiently large diffusion coefficient. On the other hand,
the time for the system to reach steady state should be less
than the time period for parameter change in an actual sce-
nario. Otherwise, the detected heat flux is unsteady, which
will lead to the coding failure or confusion. Since the out-
put code is meaningful only when the system becomes
steady, we can simplify the parameter design of the
coding unit to the steady-state case. Thus Eq. (1) can be
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written as

V(=«VT) =0, (7
which indicates the product of heat capacity and con-
stant mass density can be negligible, and only thermal
conductivity needs to be considered.

III. NUMERICAL DEMONSTRATION OF
SPATIOTEMPORAL THERMAL BINARY CODING

Numerical demonstration is performed through finite-
element simulations with COMSOL Multiphysics [34].
According to above theoretical analysis, we are concerned
only about the design of the thermal conductivity of the
shell. Directed by Egs. (5) and (6), three different time-
varying coding units with time periods 2, 4, and 6 s are
designed by setting w as m, 7/2, and 7 /3, respectively.
The corresponding simulated temperature fields are shown
in Figs. 2(a)-2(c). As previously mentioned, in order to

"""""""""""""""""""""" lm T=2s
100+9200@ *6@® =00+200® *060® =00+20 |, T=45
+ T=6s
e ©0*+00" 96® ©0*+00" ©6* ©O0+%,
1 5 10 15 20 25 30
Time (s)
p T ;A x o A |lot=1s
A t=2s
o t=3s
A t=4s
A o A o] A (o]
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Simulation results of spatiotemporal thermal binary coding. (a) [-IV are the temperature profiles and isotherms of the coding

unit with a time period of 2 s at different times. The coding unit changes from concentrator (or cloak) to cloak (or concentrator) every
half a time period. (b),(c) Temperature profiles and isotherms of two coding units with a time period of 4 and 6 s at different times,
respectively. Red points in the central region represent probes. (d) Heat fluxes of three coding units detected by probes versus time.
The heat fluxes of these three coding units jump between two extremums. These extreme values can be encoded as the binary data bit
1 and 0. (e) Temperature profiles and isotherms at four time points for a coding group integrated by six time-dependent coding units.
These coding units have the same time period of 1 s. The space between coding units is 10 mm. (f) Heat fluxes of (e) detected by
probes versus spatial distribution. The heat flux switches between maxima and minima every 10 mm, and reverses every 1 s.

054096-4



SPACE-TIME THERMAL BINARY CODING...

PHYS. REV. APPLIED 19, 054096 (2023)

ensure that the system can respond instantaneously to
rapidly time-varying parameters, the size has to be small
enough or the diffusion coefficient is sufficiently large.
Accordingly, the side length of the square coding unit is set
as 10 mm, and the inner radius r; and outer radius r, are 1
and 2 mm, respectively. The background and core are set as
coppers with kg = 400 Wm~' K~!, p = 8960 kg m~3, and
¢ =385 T kg~! K~!. For thermal signal input, the upper
and lower sides are fixed at 315 and 275 K. To detect the
heat flux in the center of the coding unit, a red point is
inserted as a probe. As presented in Figs. 2(a) -1V, the
coding unit with the period of 2 s switches between cloak
and concentrator every second. Similar phenomena can be
observed in Figs. 2(b) and 2(c). The designed coding unit
can switch its function every half period. Figure 2(d) shows
the evolution of heat flux over time for three different cod-
ing units. We can clearly observe that a jump in heat flux
occurs when time passes an integer multiple of the cor-
responding half-period time. Taking the coding unit with
the period of 4 s as an example, when t =1, 3, 5, 7, 9 s,
etc., the heat flux jumps. Figures 2(a)-2(d) fully demon-
strate the feasibility of spatiotemporal coding units. The
detected two heat flux extremes can be encoded as binary
data bits “1”” and “0”. Integrating these coding units at cer-
tain spatial intervals, the spatiotemporal coding array is
obtained.
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We then design a coding group by integrating six coding
units with the same time period to demonstrate spatiotem-
poral thermal coding on a large scale, see Fig. 2(e). The
space interval of each unit is 10 mm, and its time period
is 2 s. The parameters of all coding units change syn-
chronously, so the time period of the coding group is 2 s,
the same as that of each coding unit. We set initial states of
these six coding units as concentrator, cloak, concentrator,
cloak, concentrator and cloak, respectively. Thus, the ini-
tial coding sequence is 101010. Every second, the heat flux
of each coding unit jumps, forcing a corresponding change
in the coding sequence output by the coding group. The
temperature profiles of the group for the first 4 s are shown
in Fig. 2(e). We extract the heat-flux data and plot it in
Fig. 2(f), which indicates the heat flux versus spatial distri-
bution. Obviously, the heat flux of each coding unit jumps
every second, so that the coding group outputs 101010 cod-
ing sequence in odd seconds and 010101 in even seconds.
The above simulation results imply that the spatiotemporal
thermal binary coding with a time period of 2 s and a space
period of 20 mm has been successfully implemented.

We further discuss the case where coding units that
make up a coding group have different periods. Consid-
ering the group designed in Fig. 3, we change the periods
for the unit I, II, III, IV, V, and VI to 2, 2, 4, 4, 6, and 6
s, respectively, by setting different w according to Egs. (5)
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FIG. 3. Simulation results of a coding group integrated by spatiotemporal coding units with different time periods. (a) Temperature
profiles and isotherms of the unit group at six time points. The periods of units I, II, III, IV, V, and VI are 2, 2, 4, 4, 6, and 6 s,
respectively. The space between coding units is 10 mm. (b)~g) Heat fluxes of (a) at six time points detected by probes versus spatial
location x. The coding group outputs different heat fluxes over time, which can be encoded as time-dependent binary codes.
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and (6). The parameters of these coding units change syn-
chronously. It is easy to derive that the period of the group
is the least common multiple of the period of all the coding
units, equal to 12 s. Figure 3(a) is the temperature profiles
of this group at six time points. For coding units I and II,
they switch between cloak and concentrator every second.
Similarly, units III and IV transition every 2 s, and units
V and VI transition every 3 s. The transition time interval
is equal to the corresponding half time period of each cod-
ing unit. Likewise, Figs. 3(b)-3(g) show the heat fluxes
of these six coding units at six time points versus spatial
distribution. The initial code is set as 000000. The output
code is different at the six time points due to the different
periods of each coding unit. Since we know the period of
each unit, we can easily infer what coding sequence will
be output at some future time point. For example, units
I, II, V, and VI are still the cloak at the seventh second
because the time has passed by an even multiple of their
half-time period. While for units III and IV, they become

(a) : (b) concentrator
i»‘—‘__a;f

)

. s
T(hlgh)/ S——

Q;fg%-/T(low)

tray__2>/

rotor

321 K s 289 K

319 K 286 K

the concentrator because the past time is equal to an odd
multiple of the half-time period. Thus, the detected heat
fluxes can be encoded as 001100. To make the time-
varying coding group more intuitive, we show the ani-
mation of its temperature distributions in Part B of the
Appendix, as shown in Video 1. The simulation results
show that we can get any code we want at a particular time
point by designing the period of each coding unit, which
agrees well with the theory.

IV. EXPERIMENTAL VALIDATION OF
SPATIOTEMPORAL THERMAL BINARY CODING

Experimental validation of the time-varying coding unit
is carried out and the results are shown in Fig. 4. The spa-
tiotemporal thermal conductivity of the shell is not easy
to implement. Here, we overcome this difficulty by an
alternative, named tunable doublet metadevices [35],
with the spatiotemporal thermal conductivity equivalently

cloak (c)

 (rad/min) 2

0 30 60 . 90 120 150
t (min)

ES
—
-
-y
A

temperature difference (K)
o

(f2)

yd
e

(f4) cloak (simulation)

4

|
ES

concentrator (simulation)

(f3)

4
1

S}

concentrator (experiment) cloak (experiment)

FIG. 4. Experimental demonstration of spatiotemporal thermal coding unit. (a) Experimental setups of the spatiotemporal coding
unit. Tunable doublet metadevice is used to equivalently realize the time-varying thermal conductivity. (b) Schematic of the tunable
doublet metadevice from the bottom view. The shell configuration switches between the concentrator and cloak as the rotor drives
the motion of rings of even layers over time. (c) Diagram of angular velocity versus time of the rotor. (d1),(d2) Actual manufactured
spatiotemporal coding units. (d1) A thermal cloak. (d2) A thermal concentrator. (e1),(e2) Numerically simulated temperature fields
based on the experimental setup for concentrator and cloak, respectively. (e2),(e3) Experimentally measured temperature fields for
concentrator and cloak with an infrared camera. (f1)(f4) Temperature differences corresponding to (e1)—(e4), which are obtained by

subtracting the data of yellow lines from red lines.
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replaced by the time-varying structure. Figure 4(a) shows
the mechanism of a spatiotemporal thermal coding unit
using the tunable doublet metadevice. Its shell consists of
nine layers of rings, with each ring divided into 24 fan-
shaped unit cells. So the central angle of a unit cell is
A6 = 7 /12. Two kinds of isotropic materials with ther-
mal conductivity k; and «, are alternately aligned in every
ring. The rings of odd layers are fixed and the even
ones can be rotated freely. The thermal conductivity of
background material is «5. Tunable doublet metadevices
require that

M = Kp. (8)

The detailed derivation can be found in Part A of the
Appendix. Equation (8) ensures that the background tem-
perature profile is not distorted by the introduction of the
designed shell. We connect a tray at the bottom with rings
of even layers and attach the tray to an external rotator.
In this way, the tray rotates with the rotor so that rings of
even layers will rotate together simultaneously, causing the
configuration of the entire shell to change over time. If we
arrange the initial shell configuration into the cloak config-
uration shown in Fig. 4(b), that is, the two materials in the
adjacent ring are completely staggered, and input the pulse
signal to make the rotor rotates as shown in Fig. 4(c). The
even rings will rotate A6 with the rotor after one pulse
period. Then we obtain a structure with the same material
aligned along the radial direction, which is the concentrator
configuration shown in Fig. 4(b). As the rotor rotates over
time under the control of the pulse signal, the shell config-
uration switches between the concentrator and cloak. Then
the spatiotemporal thermal coding unit can be realized by
adequately setting the thermal conductivity of these two
materials. Therefore, it is feasible to use a time-varying
structure to achieve spatiotemporal thermal conductivity
equivalently. We choose copper with x; = 400 Wm~! K~!
and air with k; = 0.026 W m~! K~! to form every ring.
According to Eq. (8), the thermal conductivity of back-
ground material &, is equal to \/k1k; = 3.22 Wm~! K™,
which is not common in nature. Here, we realize it with the
help of effective medium theory [36,37]. Nickel-chromium
iron alloy is used as the substrate, whose thermal con-
ductivity is 9.8 W m~! K~!. We fabricate the desired
background material based on circle-embedded structures
by utilizing laser cutting [38]. The designed circle air
holes are uniformly distributed in the background and core,
ensuring that the effective thermal conductivity of the cor-
responding region is equal to 3.22 W m~! K~! [see Part D
of the Appendix]. Due to the limited experimental condi-
tions, it is difficult to fabricate coding units with the same
size as the simulation system. The actual manufactured
coding unit size is 30 x 30 cm, the diameter of the core is
4 c¢m, and the size parameters of nine rings are confirmed
according to the tunable doublet metadevices [35], see Part

D of the Appendix for details. Such a large size causes the
sample to take nearly 20 min to reach a steady state. Recall
that one of the conditions under which the detected heat
flux is valid is that the time to steady state is less than that
of the parameter switching. Therefore, to meet the above
requirements, the period of the pulse signal is set to 30
min, and the time for the continuous input of the excita-
tion signal is set to 1 min, thus the rotor rotates as shown
in Fig. 4(c). The coding unit will change its shell structure
in 1 min, then re-establish the steady state and output the
detected heat flux.

The simulation results of this coding unit in two different
configurations are shown in Figs. 4(el) and 4(e2). It means
that the coding unit can switch between concentrator and
cloak with the same assembly but different configura-
tions as even rings rotate with the rotor. In the actual
experiment, the contact thermal resistance of the rotatable
structure composed of nine-layer rings is inevitable due to
the limitation of machining technology, resulting in poor
experimental results. The scheme is feasible if the thermal
contact resistance can be effectively avoided or signifi-
cantly reduced. To avoid the trouble of contact thermal
resistance, two sets of integrated shells are manufactured
according to the concentrator and cloak configurations
for the demonstration experiment [see Fig. 4(d)]. Figures
4(e3) and 4(e4) are the corresponding experimental results.
Because they are two different sets of integrated shells,
the temperature boundary conditions are slightly different
when conducting the experiment. But this problem will not
have any effect on this work. We extract the temperature
data at the red lines and yellow lines in Figs. 4(el)—4(e4).
Then we calculate the corresponding temperature differ-
ences by subtracting the data of yellow lines from the
data of red lines. Figures 4(f1)4(f4) show the temper-
ature differences corresponding to Figs. 4(el)4(e4). It
is noted that the experimental results are qualitatively in
agreement with the simulation. The detected temperature
gradients have two opposite values, which means the heat
fluxes in these two samples have two different states. Here,
one can conclude that the spatiotemporal thermal coding
unit can be achieved with the tunable doublet metade-
vice, so it is feasible to output time-varying binary coding
sequence by encoding the heat flux detected from the cod-
ing array integrated by such unit. It is worth noting that
there are many ways to modulate thermal conductivity
spatiotemporally.

V. DISCUSSION AND CONCLUSION

In fact, according to the proposed scheme, the period of
each unit integrated in the coding array is independently
tunable, which means the system can output any coding
sequence at any time at will. In addition, the frequency
of output time-varying coding sequence depends on the
evolution time the system needs to reach steady state. In
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order to improve its sensitivity, that is, to output more dif-
ferent coding sequences per unit time, the whole system
is required to respond instantaneously to a change in the
thermal conductivity. Therefore, the size should be small
enough and the diffusion coefficient is large enough, so that
the system can reach steady state in an instant, otherwise
the heat transfer will get out of whack as the thermal con-
ductivity switches rapidly. Notably, it is not the large the
better for the diffusion coefficient due to the consumption
of resources. For a medium with diffusion coefficient A, the
time scale for heat to diffuse over a distance L is t, = L? /¢,
[39]. To guarantee the detected heat flux is valid, we should
ensure that 7z, is smaller than the switching interval ¢,
which requires A > L?/t,. Therefore, the minimum diffu-
sion coefficient should be bigger than L?/t,, and we can
choose a large diffusion coefficient on the premise of ensur-
ing acceptable resource consumption. For experimental
demonstration, the spatiotemporal thermal conductivity is
achieved by time-varying structures with the help of tun-
able doublet metadevices in this work. The enhancement of
experimental techniques to reduce the size of coding units
can greatly improve the frequency of time-varying ther-
mal coding, so that more different coding sequences can
be output per unit time. Notably, there are several other
ways to realize the spatiotemporally tuned thermal con-
ductivity, such as by rotatable structure [40—42], electric
[43,44], light [45], and fluid [46] modulation.

In conclusion, we propose a space-time thermal binary
coding scheme, enabled by spatiotemporally modulating
the shell thermal conductivity of coding units. Such coding
units can switch between thermal cloak and concentrator
over time, so the heat flux in its center has two differ-
ent states, which can be coded as an equivalently binary
data bit 0 and 1. We design time-dependent shell ther-
mal conductivities of coding units and arrange them into
a space-distributing array. Coding strategy of the array is
verified by numerical simulation. We also conduct a proof-
of-principle experiment with the help of tunable doublet
metadevices to prove the feasibility of this scheme. Our
work introduces the temporal dimension so that a single
metasurface can output many different coding sequences,
which enhances the information storage and transmission
efficiency. Compared with the existing passive digital and
programmable thermal metamaterials, this work allows
the thermal conductivity of the coding unit to be mod-
ulated in real time by the external field, so it improves
the intelligence and flexibility by adding time dimension.
Because the similar coding behavior also exists in other
physical fields, such as mechanics [47,48] and static mag-
netism [49], our scheme can also extend to these fields.
The present works undoubtedly open an alternative way
for realizing counterparts of information metamaterials
in diffusion systems, and promisingly benefit the digi-
tal coding applications such as thermal computing and
memory.
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APPENDIX

1. Principle of thermal concentrator, cloak, and
tunable doublet metadevices.

1. Principle of thermal concentrator

The schematic diagram of a spatiotemporal coding unit
is shown in Fig. 5. The inner and outer radius are »; and
r,, respectively. A thermal concentrator gathers heat flow
into the core. So the transformation is to change a larger
circular region » < r3 into a small region » < r| and stretch
the region r; < r < r, into region r; < r < rp, which can
be written as

¥ =rr/r., r <r), (Ala)
V=(ra—r)r+ @1 —r)r)/

(ry—r), (i <r<mr), (Alb)
6 =0, (Alc)

where # is the radius in the transformed space (physi-
cal space). According to transformation thermotics, the
transformation rules are

JiJT
= (A2a)
, C
(pe) = ——., (A2b)
where J is
o o
J=(£@ g?». (A3)
ar (90)

According to Eqgs. (A1)«A3), we obtain Egs. (2) and (3)
in the main text.

2. Principle of thermal cloak

A thermal cloak shields heat flow into the core. So the
transformation is to compress a circular region » < r; into
a shell region ; < r < r,, which can be written as

(Ada)
(A4b)

¥ =(r—r)r/rn+r, r<r),
0 =0.

According to Egs. (A2){A4), we obtain Eq. (4) in the
main text.
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FIG. 5. Schematic diagram of a spatiotemporal coding unit.

3. Principle of tunable doublet metadevices

Equation (8) is derived from Keller’s theorem [50].
Keller’s theorem calculated the effective conductivity of a
two-dimensional two-phase materials and proved that the
effective thermal conductivity of a rectangular lattice of
identical parallel cylinders is equal to [51]

Ky (K1, k2K (K2, K1) = Kk, (A5)

where «(k1,x2) and Ky*(fcz,/q) are the effective thermal
conductivities in the x and y directions, respectively. 1 and
Ky are the thermal conductivities of two isotropic materials.
When the two phases are symmetric, we have « (x1, k2)
= Ky*(/cz,lq). Thus the corollary of Keller’s theorem is
obtained, that is,

K Kc* = K1K7, (A6)
where «* is the effective thermal conductivity of the two-
phase materials. Similarly, in cylindrical coordination, Eq.
(AS5) is written as

KKy =K1K, (A7)
where «; and «; are the effective thermal conductivities
in the radial and tangential directions, respectively. If the
two are symmetric, Eq. (A6) also works. To ensure that
the background temperature profile is not distorted by the
introduction of the two-phase materials, we let xp = k¥,
namely

3
Kp = K~ = §/K1K2,

which is Eq. (8) in the main text.

(A8)
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VIDEO 1. Animations for the spatiotemporal thermal coding
group in the first 20 s.

2. Animations for the spatiotemporal thermal coding
group in the first 20 s.

The dynamic thermal parameters of the six metashells
in Fig. 3 are calculated according to Egs. (5) and (6). The
periods of units I, II, III, IV, V, and VI are 2, 2, 4, 4,
6, and 6 s by setting w equal to #, @, n/2, m/2, 7/3,
and /3, respectively. To observe the change of time-
varying temperature distribution more clearly, we provide
an animation for the first 20 s. See Video 1.

3. Numerical details, the mesh-independence study
and the time-step-size independence test

1. Numerical details

All numerical simulations of this work are performed
in the heat transfer in solids module with coMsoL Mul-
tiphysics. We use the time-dependent study, set the study
duration to 30 s, and output simulation results per second.
The side length of the square coding unit is set as 1072 m,
and the inner radius ; and outer radius r, are 10~3 m and
2 x 107° m, respectively. The background and core are set
as coppers with kg = 400 W m~' K~!, p = 8960 kg m~3,
and ¢ =385 J kg~! K~'. For thermal signal input, the
upper and lower sides are set as hot and cold sources,
respectively. The shell parameters are calculated by Eq. (5)
and (7). With different w, one can get coding units with dif-
ferent time periods. The numerical mesh parameters used
in this work are shown in Table I. Moreover, the time step
is taken adaptively by the solver according to the relative
tolerance (RT) we set. The relative tolerance in this work
is set as 0.001.

2. The mesh-independence study

We perform simulations with the finite-element method,
so the mesh-independence study is necessary. All simula-
tions have the same modeling process, but with different
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TABLE L

Mesh parameters. Four meshes are adopted in a

modeling coding unit for mesh-independence study.

Max element size (m) Min element size (m)

Mesh 1 3.7 x107* 1.25 x 10~°
Mesh 2 2x 107 7.5 x 1077
This work 1 x10°* 2% 1077
Mesh 3 5x 107 1x 1077

parameters. Therefore, it is sufficient to analyze the inde-
pendence of only one coding unit. Four different categories
of numerical meshes are used to execute an independent
study for the designed coding unit with the period of 2 s.
The mesh parameters are shown in Table I. Figure 6(a) is
the close snapshot of the numerical mesh. We extracted 30
s of data at the position x = y = 0 m to compare the results
produced by different meshes. See Fig. 6(c). It is noted that
the results are mesh independent. Coarser or finer grids
give the same result.

3. The time-step-size independence test

In our simulations, the time step is taken adaptively by
the solver according to the RT we set. Therefore, four dif-
ferent relative tolerances are taken to test the time-step-size
independence. See Fig. 6(d). Relative tolerance is set as
0.001 in this work. Smaller tolerances give more accurate
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results. It is noted that the results are the same when the rel-
ative tolerance becomes smaller. However, the results are
unreliable when the relative tolerance is greater than 0.001.
We can see that the results are different if the relative toler-
ance is equal to 0.002. Hence, the simulation results in our
work are reliable.

4. Experimental details

To avoid or reduce the effect of contact thermal resis-
tance, we manufacture two sets of integrated shells accord-
ing to the concentrator and cloak configurations for the
demonstration experiment. The actual experimental sam-
ples are shown in Fig. 4(d). To ensure that the effective
thermal conductivity of the background and core is equal
to 3.22 W m~! K=!, we use circle-embedded structures
with nickel-chromium iron alloy as the substrate, whose
thermal conductivity is 9.8 W m~' K~!. The circle air
holes (thermal conductivity is 0.026 W m~! K~!) are
uniformly distributed in the background and core by utiliz-
ing the laser cutting technique. According to the effective
medium theory [38], the effective thermal conductivity of
the circle-embedded structures «, is

Ke = KNC

(b)

@+ A —=p)Dks+ (1 —p)(1 — L)knc

(A9)

(1 =p)lia+ (p + 1 =p)(1 = L)rnc’

(€, . _ )i
. B BB Y BB B R LI ] By ® 0O ® 6 ® 66 ©® ® 6 6 66 06006
=R F¥RT=0.002
= . * |#RT=0001
& L5 mesh 1 /ART = 0.0005
= * ORT=0.0001
= % this work *4 i *
= *
é 05 D mesh 3 * | L
*
NN NN NNNENNNNNNN ©.0.0.0.00.0.0.0.0 08 6. 0600
0 5 10 15 20 25 30 0 5 10 15 20 25 30
time (s) time (s)
FIG. 6. The mesh-independence study and time-step-size independence test. (a) A close snapshot of the numerical mesh of coding

unit. (b) A close snapshot of the numerical mesh of experimental sample. (c) Heat fluxes of the coding unit at the positionx =y =0
m with four different meshes. (d) Heat fluxes of the coding unit at the position x = y = 0 m with four different relative tolerances.
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(a) (b)
(C) (d) yellow line (sim.)
323 red line (sim.)
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FIG. 7. Comparison of simulation and experimental results.

(a) Schematic diagram of simulation and experimental results
of cloak. (b) Schematic diagram of simulation and experimen-
tal results of concentrator. (c¢) Comparison of experimental and
simulated results of cloak. (d) Comparison of experimental and
simulated results of concentrator.

where «nc and k, are the thermal conductivity of nickel-
chromium iron alloy and air hole, respectively. p is air
fraction of the circle-embedded structure. L is the shape
factor, which is 1/2 for a circular. Combined with the
numerical simulation results, we obtain the radius of each
air hole equal to 2 mm. The manufactured coding unit size
is 30 x 30 cm, the diameter of the core is 4 cm, and the
size parameters of nine rings are confirmed according to
the tunable doublet metadevices. These nine rings consist
of ten circulars,and weuser; (i = 1,2, ..., 10) to represent
the radius of ten circulars, and they should satisfy [35]

In(rip1/ri)/ A6 =, (A10)
where 7; = 4 cm, Af = pi/12, and 1 is a shape parameter.
Here, n is set as 1/3 so that the coding unit is a thermal
cloak when the shell configuration is arranged like Fig.
4(d1) [35]. When the even rings rotate A@ with the rotor,
the shell configuration becomes Fig. 4(d2), which is a ther-
mal concentrator. The radii of ten circulars are 4, 4.3647,
4.7628, 5.1971, 5.671, 6.1881, 6.7524, 7.3681, 8.04, and
8.7737 cm, respectively. The simulation and experimental
results of the coding unit are shown in Figs. 4(el)-4(e2)
and Figs. 4(e3)—4(e4) in the main text.

Moreover, we compare the temperature data of exper-
imental and numerical results along the red lines and
yellow lines in Fig. 7. Figure 7(a) is a schematic diagram
of the simulation and experimental results of the cloak
shown in Figs. 4(e2) and 4(e4). Figure 7(b) is a schematic
diagram of simulation and experimental results of concen-
trator shown in Figs. 4(el) and 4(e3). Figures 7(c) and
7(d) show the simulation and experimental comparisons

of cloak and concentrator, respectively. The difference
between the experimental and simulation results is due to
the effect of air convection, which leads to the overall tem-
perature reduction of the experimental results. However,
the experimental results are qualitatively consistent with
the simulation results.
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