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Advanced encoding technologies are crucial for information processing and storage, and have been widely
studied and implemented in various wave fields such as electromagnetics and acoustics. However, heat
has not been commonly utilized as a significant carrier of information due to the lack of programmabil-
ity with flexible unit structures, which severely limits its practical applications. In this context, we first
propose a novel programmable all-thermal encoding strategy that utilizes macroscopic conductive heat
for digital encoding under purely thermal fields. Our approach leverages switchable cloak-concentrator
metadevices to distinguish and modulate binary signals based on the divergent features of heat flows
on each unit. The encoding operation is made programmable with the use of temperature-responsive
phase change materials, which benefit from the self-adaptive external-stimulus and internal-response
mechanism. To demonstrate the feasibility of our approach, we fabricate a proof-of-concept prototype
using shape memory alloys that exhibit phase-change behavior under specific temperatures, resulting in
a robust thermal encoding platform. This proposed scheme presents a practical paradigm for all-thermal
logical metadevices and opens up new avenues for implementing modern information technologies in
ubiquitous diffusion systems.
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standing issues in the electronic industry: heat dissipation and re-
cycling.

1. Introduction

The development of modern encoding technology has made
processing, encryption, and transmission of information possi-
ble [1]. The concept of encoding was first observed in nature, such
as the encoding of sunlight by drops in the atmosphere to pro-
duce rainbows. With the growing demand for information trans-
fer, encoding was introduced into human society [2,3]. In the past
century, there have been groundbreaking advances in information
science, mainly in the physical fields of light, sound, and electro-
magnetic waves [4,5]. Heat, as another carrier of information, is
the main form of energy transport in the diffusion process that is
ubiquitous in industrial production and daily life [6]. If heat can
be utilized as another medium for information transmission and
processing, it is promising to simultaneously address two long-

* Corresponding authors.
E-mail addresses: wj21@ecust.edu.cn (J. Wang), jphuang@fudan.edu.cn (J.
Huang).

https://doi.org/10.1016/j.ijheatmasstransfer.2023.124033
0017-9310/© 2023 Elsevier Ltd. All rights reserved.

The use of heat for encoding and logical calculation began with
the manipulation of microscopic phonon motion [7,8]. By tailor-
ing the nonlinear interaction between phonons, various counter-
parts of electronic devices were first proposed and then experi-
mentally realized, such as thermal diodes, transistors, and memo-
ries [9-12]. However, analogs in macroscopic systems are still rare
and incomplete, which limits the generalization of phononic reg-
ulation in macroscopic conduction processes. There mainly exist
two obstacles to overcome. On the one hand, the physical mech-
anism of macroscopic heat diffusion is significantly different from
the waves that govern electron or photon motion in classical en-
coding [13,14], making direct theoretical imitation challenging. On
the other hand, a fundamental programmable prototype is lack-
ing to provide a proof-of-concept platform. Fortunately, the recent
rapid development of thermal metamaterials provides an oppor-
tunity to realize the encoding operation of macroscopic thermal
signals through artificial structure design [15-30]. Heat can be lo-
calized and manipulated freely, regardless of its intrinsic diffusion
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Fig. 1. Principle of programmable all-thermal encoding. (a) The existing thermal encoding equipment in the literature has a fixed output once the structure is given, and
thus such equipment does not have programmability. In contrast, the encoding equipment reported in this work has programmability, namely, it can automatically adjust
the output encoding value at different ambient temperatures. (b) The structure of a programmable all-thermal encoding unit. We use elements of two forms, Form I and
Form II, with the same phase transition temperature and opposite phase transition directions. At low temperatures, the radial thermal conductivity of the Form I (Form II)
unit is greater than (lower than) the tangential thermal conductivity, resulting in the concentrator (cloak) function and outputting a 1 state (O state). At high temperatures,
the function is reversed, with the Form I (Form II) unit functioning as a cloak (concentrator), and outputting a O state (1 state). (c) Two forms of units are arranged to form
an encoding array. The encoded output is achieved by reading the temperature gradient value in the unit’s center. If the temperature gradient value is higher (lower) than

the reference value, the output is 1 (0).

nature. Nevertheless, programmability remains a challenging issue
for further practical applications.

In this work, we present a universal all-thermal encoding
scheme (corresponding to the concept of all-optical signal pro-
cessing in optics) using temperature-responsive thermal metade-
vices [31-35]. We propose a basic theoretical framework with
a temperature-controlled strategy. The state of the unit cell is
programmed by adjusting its local temperatures, and the in-
put/output of the signal is achieved by reading in/out local tem-
perature gradients. Based on this mechanism, we design a series
of thermal encoding metamaterials that work in both steady and
transient environments. Using shape memory alloys with phase-
change characteristics, we experimentally fabricate a temperature-
controlled encoding platform and demonstrate its encoding pro-
cess. Hu et al. [36] first proposed the thermal encoding function-
ality by manipulating the thermal cloaking and thermal concen-
trating units. Since then, the functional design of thermal encod-
ing has become more diverse and intelligent [37,38]. Our work
introduces switchable cloak-concentrator metadevices, which en-
able programmable encoding (as shown in Fig. 1(a)) and promote
the practical application of existing encoding schemes. Addition-
ally, our work overcomes the complexity of previous designs that
required multi-field synergetic control [38] by providing a recipe
for all-thermal modulation. This state-of-art platform verifies the
feasibility of manipulating macroscopic heat flow for information
encoding and opens a different door for logical computation with
diffusion systems. Various functions of thermal metamaterials are
also available in multi-field metamaterials, such as thermoelectric
cloaks [39,40], thermoelectric concentration [41], and thermoelec-
tric camouflage [42,43]. Hence, thermal encoding utilizing thermal
metamaterials can present prospects for encoding design in multi-
physical fields.

2. Theoretical design by transformation thermotics

Our aim is to achieve programmable all-thermal encoding, en-
abling an infinite number of encoded outputs for temperature con-
trol on a single device. To accomplish this, we use a nonlinear

metamaterial as the encoding unit, which can realize the func-
tion switch of the cloak and concentrator with temperature con-
trol. Under the premise of ensuring that the background heat flow
is unchanged, the thermal cloak makes the heat flow bypass the
middle area, and the thermal concentrator makes the heat flow
gather through the middle area. We use the divergent values of
heat flow between the central regions of cloak and concentrator
to distinguish binary signals; bypassing corresponds to the O state,
and concentrating corresponds to the 1 state. The encoding unit
cells based on a switchable cloak-concentrator will produce differ-
ent output digital states under varying ambient temperatures, as
shown in Fig. 1(b).

Temperature-dependent transformation thermotics [31] can
achieve switchable cloak-concentrator. According to Fourier’s law,
governing equation of heat conduction without a heat source can
be described as

pCa—T:V~(lc.VT), (1)
at

where p and C are density and thermal capacity, k is temperature-
independent thermal conductivity tensor, and T is tempera-
ture. According to temperature-dependent transformation ther-
motics [31], form of heat conduction equation remains unchanged
after temperature-dependent coordinate transformation (see Ap-
pendix A1 for proof). Thus transformed thermal conductivity, den-
sity, and thermal capacity can be expressed as

T A(T)KOAU(T)
(1) = detA(T)
re P
P = Getamy
C = (2)

where k’(T) is temperature-dependent thermal conductivity of de-
vice, kg is temperature-independent thermal conductivity of back-
ground, A(T) is a temperature-dependent Jacobian matrix deter-
mined by a coordinate transformation, A" (T) is transpose of A(T),
and det A(T) is determinant of A(T). The transformed thermal ca-
pacity in Eq. (2) remains unchanged after a coordinate transfor-
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mation, and the transformed density is only related to det A(T). In
steady state, %—{ =0, regardless of density and thermal capacity.

Temperature-dependent coordinate transformations accomplish
the functional switching characteristics of nonlinear metamaterials.
At polar coordinates, the temperature-dependent coordinate trans-
formations can be written as

r'=nr/m(T) ¢ <),

" =1(ry—11)/(r2 —13(T)) +12(r1 = 13(T))/(r —13(T))  (r1 <7 <13),
0 =0, 3)

where r; and r, are the inner radii and outer radius of the trans-
formation region of the encoding unit, see Fig. 1(b). Eq. (3) cor-
responds to the coordinate transformation of the concentrator
when r3(T) =r3 (where r3 is between ry and ry). If r3(T) =0,
Eq. (3) corresponds to coordinate transformation of cloaks. Thus,
r3(T) is necessary to implement a temperature-controlled phase
transition between r3; and 0, so that the encoding unit can switch
functions between the cloak and the concentrator.

We consider two forms of the unit to provide more freedom
for adjustment. The temperature-dependent radius r3(T) has two
forms which can be written as

3

r3(T) = TrexpnT 1) (Form I),
rsexpn(T —Tc)
() = 2l

+expn(T —Tc)
Here, T¢ is the critical temperature around which r3(T) can be dis-
tinguished by 0 or r3. We can obtain two types of thermal en-
coding units corresponding to Form I and Form II, as depicted in
Fig. 1(b). For Form I (Form II), the temperature-dependent radius
r3(T) is O (r3) when the ambient temperature is higher than T,
and r3(T) is r3 (0) when the ambient temperature is lower than
Tc. By substituting Eq. (3) into Eq. (2), we obtain the transformed
thermal conductivity and density of the entire unit structure (refer
to Appendix Al for details). The function of the unit is determined
by the ratio of radial and tangential thermal conductivity. We il-
lustrate the phase diagram of two types of phase-change materials
in Fig. 1(b), where the critical temperature T is set to 350 K. The
thermal conductivity of Form I (Form II) unit «r < ky (kr > k) cor-
responds to thermal cloak (concentrator) when the unit tempera-
ture is higher than the critical temperature. When the temperature
is below the critical temperature, «; > ky (kr < ky) corresponds
to thermal concentrator (cloak). The two forms of units have the
same phase transition temperature but opposite phase transition
direction. The simulation results are presented in Fig. A1 (Ap-
pendix).

The encoding units of the switchable cloak-concentrator are ar-
ranged to form the encoding array. We read the temperature gra-
dient values of the central and background regions of each cell to
achieve the encoded output. The temperature gradient value of the
background area serves as the reference value, and the tempera-
ture gradient value of the central region, which is higher (lower)
than the reference value, corresponds to the function of the con-
centrator (cloak), and the output is 1 state (0 state). In this way,
we can use the encoded array to achieve a sequence of encoded
output values, as shown in Fig. 1(c). By adjusting the temperature
of the encoding array, we can realize a new encoding output, al-
lowing a single device to record many, or even unlimited, output
values.

ﬁ
I

(Form 1), (4)

3. Numerical simulations under two cases
3.1. Steady case

We use finite-element simulation software COMSOL Multi-
physics [44] to demonstrate programmable all-thermal encoding
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under steady-state conditions, as shown in Fig. 2. The dimensions
of the whole plane are 10 x 60 cm?2, with the background ther-
mal conductivity of all units being 1 W m~! K-1. Each encoding
unit in Fig. 2 has an inner radius of r; =1 cm, an outer radius
of r, =2 cm, and a virtual radius of r3 =1.5 cm. The encoding
array, consisting of these units, can be manipulated individually
and in batches, as shown in Fig. 2(a) and (c), respectively. Indi-
vidual manipulation refers to the manipulation of the temperature
for each unit in the encoded array. The six units of Form I are ar-
ranged in a one-dimensional array along the horizontal direction,
with a critical temperature of 350 K and a bottom boundary tem-
perature of 300 K. The left and right boundaries of every unit are
insulated, ensuring no heat exchange between units. The output
state of each unit can be adjusted individually by assigning each
unit a different upper boundary temperature, and the relationship
between the input temperature and the output state is established.
Figure 2(a) demonstrates all units becoming concentrators (cloaks),
with outputs of 1 (0) when the upper boundaries are set to 340 K
(450 K) lower (higher) than the critical temperature. The 0 and 1
states appear interleaved in the encoded array in Fig. 2(a) IIl. Each
unit can achieve a 0 state and a 1 state in individual manipulation
because the units do not affect each other. The six-unit encoded
array can achieve a total of 26 output species. In separate manip-
ulation, the encoding array can consist of units of Form II, or even
a mixture of units of the two forms, to achieve different encoding
outputs under the same conditions (see Appendix A2 for details).
Figure 2(c) demonstrates a batch control strategy that fixes the
low temperature at the right boundary and gradually increases the
high temperature at the left boundary. Upper and lower bound-
aries are set to be insulated. Here we use six units to form the
encoded array, including two corresponding to Form II and four
corresponding to Form I. The encoded output value is (0,1,0,0,1,1)
when the left boundary temperature is 400 K. As the temperature
of the left boundary gradually increases, the output value changes
from (0,1,0,1,1,1) to (0,1,0,1,0,1). Batch operations are simple; you
only need to control two inputs to achieve multiple encodings. An
encoding array consisting entirely of units of Form I or units of
Form II can also change one input to achieve multiple encoding
outputs in batch manipulation (see Appendix A3 for simulation re-
sults). The batch operation helps to perform large-scale operations
on some codes requiring step changes in practical applications. In
short, both controls allow the array to achieve multiple outputs,
and the temperature can be adjusted to achieve reprogrammable
encoding of a fixed structure.

Measuring the temperature gradient at the central site is a
more precise and efficient way to obtain the signal output than di-
rectly observing the temperature profile. To do this, we extract the
temperature gradient at the central site and background of each
unit in Fig. 2(a) and (c) to create the temperature gradient-position
curve, as shown in Fig. 2(b) and (d). The 0 and 1 states are highly
distinguishable in the curves. We use the background temperature
gradient as the reference value. The temperature gradient values
at the central site of the cloak corresponding to the O states are
almost zero and lower than the reference value, while the temper-
ature gradient values of the concentrator corresponding to the 1
state are all higher than the reference value. The phase transition
temperature T is used to distinguish the input temperature. Inputs
below T produce only one output, while inputs above T produce
another output. We have verified the robustness of this approach
in simulations, and different input temperatures do not affect the
final output results under conditions far from T¢.

3.2. Transient case

We perform a transient simulation on the encoded arrays oper-
ated in batches and individually. We select the simulation results
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Fig. 2. Simulation results of individual and batch manipulations of encoded arrays in steady state. (a) The simulation result in which the encoded array is manipulated
individually. The left and right boundaries of each unit are thermally insulated. The lower boundaries are set at 300 K thermally. (c) The simulation results of batch control
of encoding array. The upper and lower of each unit are thermally insulated. (b) shows the temperature gradients of units’ center and background in (a), and (d) corresponds

to (c).

at four moments respectively for display, as shown in Fig. 3(a) and
(c). The size parameters and background thermal conductivity of
each encoding unit in Fig. 3 are the same as those in Fig. 2. We
extract temperature gradient data of each unit’s central site and
background at four moments and plot the temperature gradient-
position curve, as shown in Fig. 3(b) and (d). For individual ma-
nipulation, we set the bottom boundaries of the separately oper-
ated units to 300 K and the upper boundaries individually to 340 K
lower than the critical temperature (Tr = 350 K) and 450 K higher
than the critical temperature. We set the initial temperature of the
initial state to a low temperature of 300 K, resulting in an out-
put of 1 state for all units. Units 2, 4, and 6 with low-temperature
boundary conditions always produce an output of 1, while units 1,
3, and 5 with high-temperature boundary conditions initially pro-
duce an output of 1 and then transition to 0. As shown in Fig. 3(b),
the temperature gradient values of units with high-temperature
boundaries (units 1, 3, and 5) undergo significant changes, show-
ing the change process from concentrators to cloaks. However, the
temperature gradient values of units with low-temperature bound-
aries (units 2, 4, and 6) change little during the evolution process.
To determine the final output value of a unit, we repeatedly de-
tect the temperature during the evolution from the initial state to
the steady state after initializing the entire system. If we observe
the output value of a unit change from 1 to 0 during detection, we
can predict the final output value will be 0; otherwise, it will be 1.
For batch control, the final output cannot be predicted in advance
since each unit’s output is not separate. As time increases, the high
temperature is gradually transferred to the right, and the temper-
ature perceived by the encoding unit increases. The encoding unit
responds to local temperature variation, and the result of the en-
coding array changes with time, from (0,1,0,0,1,1) to (0,1,0,1,0,1).
Without changing the input conditions, a batch-controlled device
produces multiple output results, achieving repeatability encoding.

Thus, we demonstrate that transient encoding arrays can output
multiple encoding results individually or in batches. As shown in
Fig. 3(c), the thermal encoding array operated in batches can only
produce stable encoding values after 800 s, which is a lengthy pro-
cess. The speed of thermal encoding output can be increased by
utilizing materials with high diffusivity or by applying real-time
prediction methods for transient encoding.

4. Experimental realization by scattering cancellation
technology

4.1. Experimental design

Achieving perfect cloaks and concentrators using temperature-
dependent transformation thermotics requires material parame-
ters with high requirements, such as anisotropy, inhomogeneity,
and singularities in space. These factors greatly restrict the fab-
rication of actual devices. To overcome this limitation, we pro-
pose constructing nonlinear encoding units with a bilayer struc-
ture based on temperature-dependent scattering cancellation the-
ory. Previous studies have reported linear bilayer cloaks and con-
centrators that use two layers of isotropic materials to achieve
cloaking and concentrating functions [45-47], which anisotropic
materials can achieve. To realize the switch between the cloak and
the concentrator, we combine the thermal conductivity character-
istics of the bilayer thermal cloak and the bilayer thermal concen-
trator and introduce nonlinear materials. A schematic diagram of
the bilayer structure encoding units is shown in Fig. 4(a). The in-
ner, middle, and outer radii of the bilayer ring structure are de-
fined as Ry, Ry, and R, which are determined constants. The ther-
mal conductivities of the materials from region 1 to region 4 are
Ko, k1(T), Ko, and k. The thermal conductivity of region 2 must
be able to switch between an on (high)/off (low) state in real-time
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Fig. 3. Transient simulation results for individual and batch manipulation of encoded arrays. (a) The output results of the encoding array with each unit individually
temperature-controlled at different times. Insulate the left and right boundaries of each unit. The lower boundaries are set at 300 K thermally. (c) The output results from
batch manipulation encoding arrays at different times. The upper and lower boundaries of each unit are insulated. (b) and (d) denote the evolution of the temperature
gradient values at the unit center and background over time, corresponding to (a) and (c).

in response to external stimuli, such as electric field [48], mag-
netic field [49-51], electrochemistry [52], light field [53], and pres-
sure [54,55]. To achieve full thermal control of the encoding unit,
we use a temperature phase change material that can switch the
thermal conductivity without introducing additional fields. Here
k1(T) has two switching forms, corresponding to units of Form I
and Form II, respectively, it can be set to

K

kel T
1+4+el-T
where T is phase transition temperature, which can be given ac-
cording to nature of materials. The thermal conductivity k;(T)
jumps between 0 and k;, where 0O corresponds to the parameter
requirements of the cloak and k; is a constant.

Given the background thermal conductivity k;,, the thermal
conductivity of region 3 satisfying the parameter requirements of
the bilayer thermal cloak can be calculated as

R:+R?
R2 R? R R
After determining k-, the relationship between kg and k; accord-
ing to equation (19) in literature [56] can be determined as

K1(T) = (Form 1II), (5)

(6)

Ky =

Ko
K- ((KZ*Kb)'((Kl‘*’KZ)'R%‘F(KZ*Kl)'R%)'R%
! (ica+icy)-R?

(Kz—lfl)‘R%—(lﬁ +IC2)'R%—

— ((kz — k1) - R2 + (K1 +k2) - R3))

(kg —kKp)-((e1+ka)-RE— (ko —K1)-R3)-RE
(K2 +Kp)-R2

(7)

Thermal cloaks don’t require thermal conductivity of region 1, so
we can determine kg according to Eq. (7) when k, meet param-

eter requirements of bilayer thermal cloaks and «; is a non-zero
constant value.

The numerical simulation results of the bilayer thermal encod-
ing in a steady-state are presented in Fig. 4(b). The specific pa-
rameters used in Fig. 4(b) are Ry =1 cm, Ry = 1.5 cm, R, =2 cm,
and the dimensions of the whole plane are 10 x 60 cm2. The
background thermal conductivity is &, = 100 Wm~! K-, and the
thermal conductivities of the rest positions are set according to
Egs. (5)-(7). The encoded array consists of two forms of units
staggered, with the upper and lower boundaries of the units being
insulated. In Fig. 4(b) I-IIl, we gradually increase the temperature
of the left and right boundaries of the encoding array, and the out-
put value changes from (1,0,1,0,1,0) to (0,1,0,1,0,1). The encoding re-
sults of Fig. 4(b) I and III are completely opposite because the tem-
perature of the unit in Fig. 4(b) I is all below the critical tempera-
ture, while the temperature of the unit in Fig. 4(b) III is all above
the critical temperature. Half of the encoding units in Fig. 4(b) II
are in the high-temperature state and half in the low-temperature
state, and the encoding output is (1,0,1,1,0,1). The temperature gra-
dients in the center and background regions of the unit in Fig. 4(b)
are illustrated in Fig. 4(c), showing an apparent alternate arrange-
ment result. Since the temperature difference between the left and
right boundaries of the encoding array is maintained at 100 K, the
background temperature gradient of each encoding array is consis-
tent. We use a set of background temperature gradient values as
reference values. When the encoding structure is fixed, the out-
put value of the encoding can change with temperature, realizing
a programmable encoding. The bilayer structure encoded array is
valid for individual manipulation, and the simulation results are
shown in Appendix A4. The finite element simulation confirms that
the encoding design based on a temperature-dependent scattering
cancellation scheme is effective.
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Fig. 4. Design and experimental results of thermal encoding based on temperature-dependent scattering cancellation theory. (a) Schematic diagram of bilayer temperature-
controlled encoding unit structure. (b) The steady-state simulation results of bilayer temperature-controlled encoding array under batch control. (c) The temperature gradient
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4.2. Experimental results

When there is a change in ambient temperature, the metamate-
rial’s function automatically transforms from a cloak (or concentra-
tor) to a concentrator (or cloak). To form a temperature-controlled
thermal encoding device, we arrange the designed smart materi-
als into rows. Fig. 4(d) (actual picture in Fig. A5(a) in Appendix)
illustrates the top view of the experimental device, which is based
on a copper sheet. The parameters in Fig. 4(d) are as follows:
L=48 cm, H=16 cm, Ry = 2.6 cm, Ry =3.7 cm, and R, =4.9 cm.
The left and right ends of the copper sheet are bent and then ex-
tend into cold water and hot water, respectively. The third region
of each unit is made of copper, and the thermal conductivity is
K, =394 Wm~! K-, Considering Eq. (6) and the overall dimen-
sions Ry and R,, we determine that the background thermal con-
ductivity should be kj, = 117 Wm~! K-1. To achieve this, we punch
more than four thousand holes in region 4 and apply the formula
Kp = Pkcy + (1 — P)kg;r, where P is the volume fraction of metals
and Kk, is the thermal conductivity of air. We place a layer of plas-
tic film on the copper sheet to prevent heat loss caused by the
convection of air in the hole with the environment. To enable the
thermal conductivity of region 2 to switch between 0 and k; at
different temperatures, where k; satisfies Eq. (7), we alternate two
types of sheets along the tangential direction to raise the temper-
ature gradient in the central zone and achieve the effect of the
concentrator. In this ring, we design 18 copper teeth to be evenly
arranged around the center of the circle, and the part without cop-
per teeth is filled with air. The proportion of copper and air is the
same. According to the effective medium theory [57,58], the effec-
tive conductivity k; of such a laminated structure in region 2 is
3.24 Wm-~! K-1, approximated by k = \/KcyKq;- We then attach
shape memory alloys (SMAs) to the copper teeth so that the de-
formation of the SMA drove the deformation of the copper teeth
at different temperatures. Two SMAs are used in this experiment,
corresponding to Form I and Form II in Eq. (5), respectively. In
Fig. 4(d), unit 1 uses SMAs corresponding to Form II, and unit 2
and unit 3 use SMAs corresponding to Form I. When the tempera-

ture passing through SMA is higher than the phase transition tem-
perature, SMA corresponding to Form II (Form I) straightens (bends
upward). When the temperature is lower than the phase transition
temperature, SMA bends upwards (straightens). If SMA bends up-
wards, it will drive the copper teeth of region 2 to bend upwards,
SO k1 = kg approaches 0, which meets the requirements of cloaks.
When SMA is straightened, the copper sheet is put down, and the
laminated structure meets the requirements of concentrators. The
phase transition temperature of the two SMA forms used here is
298.2 K, which has opposite phase transition directions. In practice,
the SMA deformation at temperatures close to 298.2 K is too small
to change the shape of the copper teeth in region 2 for functional
switching. The SMA’s temperature often needs close to 308.2 K for
effect to be more prominent. Here kg only needs to meet the re-
quirements of concentrators since cloaks have no requirement for
Kko. According to Eq. (7), ko = 14.78 Wm~! K-1, a stainless steel
film is used in our experiment. Finally, the entire copper sheet is
fixed on the copper plate to help transfer the heat of the copper
sheet.

To demonstrate the repeatable encoding characteristics of
temperature-controlled thermal encoding, we vary the temperature
of the cold and heat source to produce different compilation re-
sults. The front view of the experimental device at different tem-
peratures is depicted in Fig. 4(e1) and (f1) to provide a more intu-
itive visualization of the SMA lifting situation (refer to Fig. A5(b)
and (c) of Appendix for the actual picture). Corresponding tem-
perature distribution graphs for Fig. 4(e1) and (f1) are shown in
Fig. 4(e2) and (f2), respectively. At a left boundary temperature of
293.2 K and a right boundary temperature of 310.9 K, the SMA of
unit 1 is tilted upwards, corresponding to a cloak, while the SMA
of units 2 and 3 are straight and flat, corresponding to a concentra-
tor. The isotherm of the entire background in Fig. 4(e2) is straight,
and the temperature in region 1 of unit 1 is significantly lower
than the surrounding temperature. The isotherms in region 1 of
units 2 and 3 tend to converge toward the center of the unit. For
signal output, we read the temperature gradient value at the center
point. Since the background heat flux density of the entire device
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is non-uniform due to the influence of environmental convection,
we select the temperature gradient of each unit for signal output.
We calculate the temperature gradient AT/Ax of the center area
and the background area for each unit and plot it in Fig. 4(e3) and
(f3) corresponding to Fig. 4(e2) and (f2), respectively. For calcula-
tion details, refer to Appendix A6. A higher (lower) temperature
gradient at the unit’s center than its reference value indicates an
output code value of 1 (0), respectively. Thus, the output encode
value in Fig. 4(e3) is (0,1,1). When the left and right boundary
temperatures are 286.8 K and 335.8 K in Fig. 4(f2), respectively,
the SMA of units 1 and 3 are tilted, and the SMA of unit 2 is
straightened. Figure 4(f3) shows that the temperature gradient at
the center point of unit 1 and unit 3 is lower than their reference
value, while unit 2 is higher than its reference value, resulting in
an output encode value of (0,1,0). Although the cloak’s effect can-
not be seen intuitively in unit 1 of Fig. 4(f2) because the temper-
ature of the cold source is lower than the ambient temperature
(293.2 K), and the temperature of the copper plate as the bottom
plate is transmitted to the stainless steel in region 1, the absence
of an isotherm entering region 1 confirms that it is still a cloak.
Figure 4(f3) also supports this result. Thus, we have demonstrated
the adjustability and repeatability of temperature-controlled ther-
mal encoding. We can reuse a designed thermal encoding device
and change the output encoding value by adjusting the temper-
ature. We can even individually control the temperature of each
unit to achieve more output results.

5. Conclusion

We present a novel programmable encoding strategy for macro-
scopic diffusion systems, which is the first of its kind. Our ap-
proach utilizes a refined temperature-responsive configuration de-
sign and an elaborate control of local temperature to localize, dis-
tinguish, program, and read thermal signals, demonstrating the
possibility of digital encoding in purely diffusive processes. Our de-
sign achieves programmability without the need for complex in-
stallations or additional fields for unit control, making it a more ef-
ficient and robust encoding scheme than existing thermal encoding
methods [36-38]. We verify the robustness of our design through
numerical simulations under both steady and transient environ-
ments, and a proof-of-principle prototype is experimentally fabri-
cated to illustrate the encoding process. Our strategy employs clas-
sical metamaterial design methods, including transformation ther-
motics and scattering-cancellation technology, which improve the
completeness and feasibility of the programmable encoding. Our
thermal coding strategy can even be extended to ternary or mul-
tivariate encodings if we consider merging a wider range of func-
tions. A continuously tunable structure [22-24] enables ternary en-
coding (cloak, concentrator, and transparency) and multielement
encoding by carefully setting multiple temperature gradient refer-
ence steps. The propose underlying fundamental and implemen-
tation model promisingly promote a new territory-thermal infor-
mation metamaterial, and paves a gorgeous way for information
processing and encoding in diffusion systems.
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Appendix A

Al. Proof of form-invariance of heat conduction equation and
derivation of transformation rules

Temperature-dependent transformation thermotics means
that transformed thermal conductivity is temperature-dependent,
including two cases where background thermal conductiv-
ity is temperature-dependent or coordinate transformation is
temperature-dependent. Here we consider that background ther-
mal conductivity is temperature-independent, but the coordinate
transformation is temperature-dependent. According to Fourier’s
law, governing equation of heat conduction without a heat source
can be described as

pC%—Z:V(x-VT), (A1)
where k is the temperature-independent thermal conductivity
tensor. Now we are in the position to prove that govern-
ing equation Eq. (A1) satisfies form invariance under arbi-
trary temperature-dependent coordinate transformation so that the
temperature-dependent transformation theory is still valid. In a
temperature-dependent curvilinear coordinate system with a set of
contravariant basis {g!(T),g/(T),g"(T)}, a group of covariant ba-
sis {g;(T),g;(T).8(T)}, and corresponding contravariant compo-
nents (x!(T), y/(T),z¥(T)), the governing equation of heat conduc-
tion can be reproduced as

VEDCOL — ai(/gMo (11 =0, (A2)

where g(T) is the determinant of the matrix with components
gj(T) =gi(T)-g;(T). Eq. (A2) shows that the Fourier law of
heat conduction expressed by the tensor component has no for-
mal difference in different coordinate systems, even temperature-
dependent coordinate systems, except that the coefficient \/g(T) is
different. According to Eq. (A2), we verify the form invariance of
Eq. (A1)

To obtain the transformation rules of material properties, We
consider a bijection from pretransformed space (virtual space) with
a chosen set of curvilinear coordinates {x,y,z} to a transformed
space (physical space) with another set of Cartesian coordinates
{x'(T),y'(T),Z (T)}, the governing equation can be rewritten as

PO =V (e (1) VT, (A3)

where «/(T) is the temperature-dependent thermal conductivity

tensor after a temperature-dependent coordinate transformation.
By comparing Eqs. (A2) and (A3), the transformed thermal con-

ductivity, density, and thermal capacity can be expressed as

s A(T)KAY (T)
€M) = —4etam
p/(T) = —L

detA(T)’
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relationship between the input and output of the two form units.
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Fig. A2. Separate manipulation results of the encoding array in a steady state. (a) The encoding array consists of 6 units of Form II. (b) The encoding array consists of two
form units interleaved. All units have a bottom boundary temperature of 300 K and a phase transition temperature of 350 K.

c=cC (A4)
where k’(T) is temperature-dependent thermal conductivity of de-
vice, kg is temperature-independent thermal conductivity of back-
ground, A(T) is temperature-dependent Jacobian matrix, A" (T) is
transpose of A(T), and det A(T) is determinant of A(T).

Next, we consider a temperature-dependent coordinate trans-
formation that enables functional switching. We consider the coor-
dinate transformation of a traditional thermal concentrator. A ther-
mal concentrator can enhance heat flow in a specific area without
changing background heat flow distribution. Its coordinate trans-
formation can be expressed as:

r=nr/rs (' <n),
' =r(ry—r1)/(ra —13)
+12(ry —13)/(ry —13) (11 <1’ <T12),
0 =8, (A5)

where r; and r, are the inner radii and outer radius of a ther-
mal concentrator, r3 is the radius between ry and r,, as shown in
Fig. A1(a). The physical meaning of coordinate transformation is to
compress a circular area with radius r3 into a circular area with
radius r7, and the annular areas with inner radius r3 and outer ra-
dius r, are stretched into annular areas with inner radius ry and
outer radius r,, respectively. If r3 = 0, the coordinate transforma-
tion of thermal concentrators can be transformed into the coordi-
nate transformation of thermal cloaks

-
r/:r72 ! + 11, 0 =6.
r

(A6)

The coordinate transformation of the cloak is to compress a cir-
cular region with a radius r, into the annulus region with a radius
between rq and r,. A thermal cloak can prevent heat flow from en-
tering a specific area without disturbing background thermal field
distribution, so it is impossible to know the information of the spe-
cific area by conducting heat detection outside.
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Fig. A3. Batch manipulation results of encoded arrays in steady state. (a) The encoding array consists of 6 units of Form I. (b) The encoding array consists of 6 units of Form

II. The phase transition temperature of all units is 350 K.
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Fig. A4. Results of separate manipulation of encoded arrays with bilayer structures in steady state. (a) The encoding array consists of 6 units of Form 1. (b) The encoding
array consists of 6 units of Form II. All units have a bottom boundary temperature of 300 K and a phase transition temperature of 350 K.

If r3 is temperature-dependent, we can switch between cloak
and concentrator functions. The temperature-dependent coordinate
r3(T) can be written as

3
»D = Trepnr—10 Form
ry(T) = BEPNT =10 gy, (A7)

1+expn(T —Tc)

where r3(T) has two temperature-dependent forms. Temperature-
dependent coordinate r3(T) determines the direction of phase-
change behavior so that these two forms of thermal encoding have
inverse encode numbers under the same environments. Replace r3
in Eq. (A5) with r3(T), Eq. (A5) can be rewritten as

r=nr/rs(T) (@ <n),
=1y —r1)/(ry —13(T))

+12(r1 —13(T))/(ra —13(T)) (11 <7 <),
0 = 0. (A8)

If we consider Form 1 (Form II) in Eq. (A7), it is easy to see
that when the ambient temperature is higher than and lower than
the critical temperature, Eq. (A8) corresponds to coordinate trans-
formation of cloaks (concentrators) and concentrators (cloaks), re-
spectively. Substituting Eq. (A8) into Eq. (A4), transformed ther-
mal conductivity and density of shell region with inner radius rq
and outer radius r, in Fig. A1(a) can be written as

(r3(T)=r)r,
K'(T) = Ko T Esmr ( <g )
r3(T)—r)r N1 |
0 1+ &xmr)
, (ra=13(T)*r = (ry = r3(T)) (r1 — 13(T))1

(rp — )21 (A9)

Transformed thermal conductivity and density of circular region
with radius ry in Fig. A1(a) can be expressed as

10
ko [0 1]’
p' = p(rs(T)/r)*. (A10)

The transformed thermal conductivity distribution corresponds to
two forms of r3(T), shown in Fig. A1(b). We plug the calculated
thermal conductivity into COMSOL Multiphysics software to draw
the temperature distribution map. The inner radius of the trans-
formed layer in Fig. A1(b) is r; =1 cm, the outer radius is r) =
2 cm, and the virtual radius is r3 = 1.5 cm. The phase transition
temperature of both types of units is 350 K. For Form I (Form II),
tangential thermal conductivity is higher (lower) than radial ther-
mal conductivity when the unit temperature is higher than the
phase transition temperature, and the output is a cloak (concen-
trator). If the unit temperature is lower than the phase transition
temperature, the tangential thermal conductivity is lower (higher)
than the radial thermal conductivity; the output is a concentra-
tor (cloak). We define the output encode number 0 (1) when the
result is a cloak (concentrator). According to the definition of en-
coded values, we summarize the relationship between the input
and output of the two formal units, which is shown in Fig. A1(c).
Based on these definitions, we summarize the relationship be-
tween the input and output of the two formal units in Fig. A1(c).

«'(T)

A2. Simulation results of individual manipulation on encoding arrays
in steady state

The encoding array, which is controlled separately in the main
text, consists of units of Form I, allowing for the programmabil-
ity of the encoding array. We demonstrate that an encoding ar-
ray composed of units of Form II and an encoding array that
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Fig. A6. (al)-(b1) Temperature distribution diagram of the encoding equipment under different conditions. (a2)-(b2) Temperature distribution in the background region of
(a1)-(b1). (a3)-(b3) Comparison of temperature maps between the background region and the central region.

interleaves two forms of units can also achieve programmabil-
ity through separate manipulation. The results are presented in
Fig. A2, and the geometric dimensions and boundary conditions
are the same as in Fig. 2(b) of the main text. The encoding array
confirms the properties of phase transitions in opposite directions
for units of Form II and Form I. Furthermore, the interleaved en-
coding array satisfies programmability, and the output results can
be adjusted by temperature. It should be noted that the operating
temperature range is limited in practice. Depending on the specific
requirements, a combination of units of Form I and Form II can be

10

selected to form the encoding array to achieve a greater number
of encoding results.

A3. Simulation results of batch manipulation on encoded arrays in
steady state

Figure A3 shows that the encoding array consists of one form
of units that can also achieve multiple encoding outputs in batch
manipulation. When the encoding array is made up of units from
Form I, the encoding value O decreases while 1 increases as the left
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boundary temperature rises. This occurs because the unit of Form I
functions as a concentrator in the high-temperature state, resulting
in an output of 1. Conversely, the encoding array formed by units
of Form II yields results opposite to those of Form I.

A4. Simulation results of individual manipulation on the encoding
arrays consisting of bilayer coding units

Figure A4 proves that the bilayer structure thermal encoding
based on the temperature-dependent scattering cancellation the-
ory can also achieve programmability in a separate operation. The
left and right boundaries of each unit in Fig. A4 are set as thermal
insulation, and the output encoded value is changed by adjusting
the unit’s upper boundary temperature. The output of Fig. A4(a)
and (b) are opposite under the same boundary conditions.

A5. Real pictures of experimental setups

Figure A5 (a) depicts the complete physical setup of the thermal
encoding equipment. The left and right ends of the equipment are
curved and connected to cold and hot water sources, respectively.
An ice-water mixture is utilized as the cold source, and a temper-
ature control device is employed to monitor the temperature of
the cold source in real-time. The ice-water mixture can sustain a
constant temperature for an extended duration, with temperature
fluctuations remaining within 0.5 K per hour. The heat source is
generated by inserting a heating rod into cold water, which heats
the water to the desired temperature. The temperature control de-
vice is programmed to activate the heating rod when the heat
source temperature falls below the set temperature, and it auto-
matically switches it off once the desired temperature is achieved.
This ensures that the heat source remains at a constant temper-
ature throughout the experiment. The entire experiment is con-
ducted in an air-conditioned room, located far from the outlet, to
maintain a constant ambient temperature and minimize the im-
pact of ambient convection.

Figure A5 (b) and (c) illustrate the oblique view of the fabri-
cated thermal encoding array. Unit 1 has different states at differ-
ent temperature regions to achieve specific output results, while
the other two units keep invariant. This phenomenon occurs due
to the variation of local temperatures at unit 2 and 3, which are
located on one side of their respective phase-change points, result-
ing in robust encoding numbers. The binary encoding numbers are
particularly robust as each unit cell only has a single phase-change
point.

A6. Extraction method of temperature gradient values in experiment

Figure 4 (e2) and (f2) in the main text display the temperature
distribution maps. Although the background isotherm appears to
be basically straight and there is a difference between the cloak
and the concentrator in the central area, this judgment is not pre-
cise enough. To validate the result of each unit, we select four
background lines (BL1-BL4) in Fig. A6(al) and (b1) to create their
corresponding line maps. In Fig. A6(a2) and (b2), we observe that
the temperature distributions of the four background lines are es-
sentially identical. Therefore, we can select any of the background
lines as our reference line. To compare with the reference line
(BL4), we create a line graph of the center line (CL) shown in
Fig. A6(a3) and (b3). The gray area in the figure corresponds to the
central area of each unit in the temperature distribution graph. We
see that CL and the BL4 in the background area are nearly identical,
indicating that the background temperature distribution is undis-
turbed. By calculating the slope of the temperature graph, we can
determine whether the result is a cloak or a concentrator. Next, we
select the data in the gray area to conduct linear fitting to obtain

1
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slopes, which represent the temperature gradient. The results are
shown in Fig. 4(e3) and (f3) of the main text. In the experiment,
we do not use temperature as the criterion for judgment. This is
because the stainless steel in the center area is placed in the air.
When the SMA is lifted, the temperature of the copper sheet is not
transmitted to the stainless steel, and the temperature of the stain-
less steel will be close to the ambient temperature. Therefore, the
temperature in the central area of the cloak may not be lower than
the background temperature.
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