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ABSTRACT

Traditional thermal switches regulate thermal conductivity only in a single global direction, which limits their application in infrared thermal
display. This study presents a flexible thermal switch composed of magnetic liquid metal, polydimethylsiloxane, graphene films, and polyvinyl
chloride films. The magnetic field can regulate the distribution of magnetic liquid metal, thereby adjusting the thermal conductivity of the
flexible thermal switch. The thermal conductivity can be switched between 0.245 and 1.546 W-m™'-K ™', corresponding to a thermal switching
ratio of 6.3. The flexible thermal switch can be applied to a multidimensional thermal display, which enables independent regional regulation
by a magnetic field. Regions exposed to a magnetic field exhibit high thermal conductivity, whereas regions without a magnetic field maintain
low thermal conductivity. Finite element simulation demonstrates that alphabetic thermal patterns from A to Z can be achieved through
regional modulation of thermal conductivity. Experimentally, a “THU” thermal pattern is generated by moving a magnetic pen and visualized
using infrared thermal imaging. This work overcomes the limitation of conventional thermal switches that permit only global regulation in a
single direction, offering new opportunities for smart thermal management, information display, and infrared camouflage.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0319412
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I. INTRODUCTION thermal display: infrared reflectivity modulation, latent heat
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release,'® and precise heat manipulation. " Among these, precise
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Precise heat manipulation is essential for reducing energy con-
sumption in buildings"” and ensuring effective thermal manage-
ment in electronic devices,”™ power batteries,”” and spacecraft.’
In addition, regional regulation of heat flow enables the generation
of invisible thermal patterns that can only be visualized using an
infrared (IR) thermal imager.” This phenomenon, known as infrared
thermal display, has recently attracted extensive attention for its
potential in information encryption,'’"'* messaging,”” and thermal
camoutflage.'*"” Infrared thermal display can be realized by modu-
lating thermal conduction or infrared radiation properties, thereby
creating programmable thermal images imperceptible to the naked

eye. Three main strategies have been developed to achieve infrared

heat manipulation is not limited by temperature, allows the cre-
ation of complex patterns, and offers convenient operation, making
it particularly promising for practical applications.

Thermal switches, as key components for heat manipulation,
can reversibly toggle their thermal conductivity between the “on”
and “off> states.” ** Achieving infrared thermal display requires
thermal switches that respond rapidly to external stimuli and can
locally adjust their thermal conductivity. However, traditional ther-
mal switches can only achieve overall regulation of thermal con-
ductivity in a single direction,”” * and it is difficult to achieve
independent regulation of spatial partitions. Zhao et al.”’ fabri-
cated a thermal switch based on liquid metal and shape memory
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foam, which exhibited higher thermal conductivity under compres-
sion and was applied to infrared signal camouflage. Although this
work inspires interest in infrared thermal display based on ther-
mal switches, the mechanical compression mechanism poses risks
of liquid metal leakage and inconvenient displacement. In contrast,
employing non-contact control methods to achieve infrared thermal
display by regional regulation of thermal switches offers significant

advantages.”’' Magnetic liquid metal combines magnetism, high

thermal conductivity, and fluidity, making it suitable for the design
of flexible thermal switches with magnetic responsiveness.’” **

In this work, we propose a flexible and magnetically respon-
sive thermal switch composed of magnetic liquid metal, poly-
dimethylsiloxane (PDMS), graphene films, and polyvinyl chloride
(PVC) films. By controlling the spatial distribution of magnetic
liquid metal under an external magnetic field, the magnetic lig-
uid metal can selectively contact or detach from the upper PVC
film, thereby switching local thermal conductivity between 0.245
and 1.546 W-m™.K™'. This magnetically responsive and spatially
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FIG. 1. Multidimensional thermal display.
(a) Original temperature distribution. (b)
Pattern “T.” (c) Pattern “TH.” (d) Pattern
“THU.”

addressable regulation breaks through the limitation of traditional
thermal switches that only enable global thermal regulation, achiev-
ing precise heat manipulation and programmable multidimensional
thermal display. Finite element simulation verifies that the region-
ally controlled thermal switch can realize thermal display of A-Z
alphabetic patterns. Furthermore, a “THU” thermal pattern is exper-
imentally drawn by moving a magnetic pen, as shown in Fig. 1.
This work offers a new paradigm for smart thermal management,
information display, and thermal camouflage.

Il. RESULTS AND DISCUSSION
A. Preparation of magnetic liquid metal

The magnetic liquid metal used in this study is composed of
iron particles with a particle size of 38 ym and eutectic gallium
indium (EGaln), which contains 75.5 wt. % Ga and 24.5 wt. % In.
The preparation procedure of magnetic liquid metal is illustrated in
Fig. 2. First, 40 g of EGaln and 10 g of iron particles were weighed

Magnetic liquid metal
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Magnet

~

FIG. 2. The preparation process of magnetic liquid metal.
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and placed in a beaker. Subsequently, 5 ml of hydrochloric acid (20.0
wt. % HCI) was added. The hydrochloric acid removed the oxide
layers from the surfaces of both iron particles and EGaln, enabling
direct contact between them. The mixture was stirred at room tem-
perature for ~3 min, during which the solution changed from turbid
to transparent, indicating the successful incorporation of iron par-
ticles into EGaln. The magnetic liquid metal was separated from
the remaining hydrochloric acid solution using a permanent mag-
net, and the remaining hydrochloric acid solution was poured away.
Finally, the magnetic liquid metal with an iron powder mass frac-
tion of 20% was obtained. During the preparation process, the
galvanic cell reaction between Ga and Fe prevented the iron particles
from being corroded by hydrochloric acid, thereby preserving their
magnetic properties.’”® The hysteresis loops of liquid metal were
analyzed using a vibrating sample magnetometer, as shown in Fig.
S1. The thermal conductivities of EGaln and magnetic liquid metal
were measured using the transient plane source method, yielding
values of 21.8 and 25.8 W-m ™K™', respectively. The incorporation
of iron particles enhances the magnetism and thermal conductivity
of liquid metal.

B. Thermal performance of the flexible thermal
switch

As shown in Fig. 3(a), magnetic liquid metal was placed in a
transparent container, with an acrylic sheet positioned above it. The
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Without magnetic field

Acrylic sheet

Magnetic liquid metal
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morphological evolution of the magnetic liquid metal was recorded
using a high-speed camera. As shown in Fig. 3(b), when a perma-
nent magnet was positioned above the acrylic sheet, the magnetic
liquid metal bulged upward. When the magnet was removed, the
magnetic liquid metal returned to its original shape under the influ-
ence of gravity. Based on this characteristic, a flexible thermal switch
is fabricated using magnetic liquid metal, PDMS, graphene films,
and PVC films, as illustrated in Fig. 3(c). The bottom encapsulation
layer is composed of graphene film with high thermal conductiv-
ity, which facilitates heat transfer to the magnetic liquid metal.
Because graphene film possesses high in-plane thermal diffusivity
and in-plane thermal conductivity, heat rapidly spreads along the
plane, making it unsuitable as the top encapsulation layer for ther-
mal display. Therefore, a PVC film with lower thermal conductivity
is selected as the top encapsulation material. In the absence of a
magnetic field, magnetic liquid metal does not contact the upper
PVC film, and the flexible thermal switch remains in the “off”
state, exhibiting low thermal conductivity. Under a magnetic field,
the magnetic liquid metal contacts the upper PVC film, forming
a heat conduction pathway. The flexible thermal switch is thus in
the “on” state, exhibiting high thermal conductivity. The thermal
conductivity is modulated by controlling the connection and dis-
connection of the heat conduction pathway, which is achieved by
magnetically manipulating the morphology of the magnetic liquid
metal. The thermal conductivity of the flexible thermal switch was
measured using the steady state method. Because PDMS exhibits

(b)
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FIG. 3. Flexible thermal switch. The morphology of magnetic liquid metal (a) without and (b) with a magnetic field. (c) Schematic of the flexible thermal switch in the “off’ and

“on” states.
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poor mechanical strength and the steady state method requires
applied pressure, a resin material with similar thermal conductivity
is substituted for PDMS during the test. The thermal conductivity
measurement results are shown in Table S1. The thermal conductiv-
ity is 1.546 W-m™ 1K' in the “on” state (kon) and 0.245 W-m™1-K ™!
in the “off” state (kof), corresponding to a thermal switching ratio of
r= kon/koff =6.3.

The finite element simulation was employed to calculate the
thermal conductivity of the flexible thermal switch. Structural mod-
els of the flexible thermal switch in both the “off” and “on” states
were constructed based on the same geometric parameters as those
used in the experiment. However, unlike the experimental measure-
ment, in which the “on” state required a specially designed structure
to test thermal conductivity in the absence of a magnetic field, the
simulated “on” state involved no such structural modification. The
upper surface of the flexible thermal switch was set at 20 °C, and
the heat flux density at the lower surface was 5000 W-m™2. Fur-
ther simulation details are provided in the supplementary material.
The calculated thermal conductivities are 0.242 W-m "K' in the
“off> state and 1.581 W-m™"-K™" in the “on” state, which are in
good agreement with the experimental results. Furthermore, the
finite element method was employed to simulate the temperature
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distribution of the flexible thermal switch in the “off” and “on”
states. The lower surface temperature of the flexible thermal switch
was fixed at 55 °C, while the upper surface was subjected to con-
vective heat transfer with ambient air at 25 °C, with a convective
heat transfer coefficient of 25 W-m 2K .. Figure 4(a) presents
the temperature distribution along the longitudinal cross section
of the flexible thermal switch. In the “on” state, the temperature
distribution of the flexible thermal switch is more uniform, with
a higher upper surface temperature, indicating enhanced thermal
conductivity.

C. Thermal display

The realization of infrared thermal display depends on the abil-
ity to independently regulate the “on” and “off” states of flexible
thermal switches in different regions. Therefore, flexible thermal
switches were integrated into a thermal display material, with the
PDMS skeleton designed as a 5 x 5 grid structure, where each cell
has a side length of 2 mm. In the simulation, the temperature of
the lower surface of the thermal display material was set at 55 °C,
and the upper surface was subjected to convective heat transfer
with ambient air at 25 °C, with a convective heat transfer coefficient
of 25 W-m™2.K™". Regions in the “on” state possess higher ther-
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FIG. 4. Finite element simulation. (a) Temperature distribution of the flexible thermal switch in the “off” and “on” states. (b) Thermal patterns of the complete alphabet from

Ato Z
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mal conductivity, resulting in higher upper surface temperature. By
selectively controlling the locations of the “on” states, various ther-
mal patterns are formed on the upper surface of the thermal display
material. As shown in Fig. 4(b), by spatially modulating the ther-
mal conductivity of individual thermal switches, thermal patterns
corresponding to the letters from A to Z are successfully generated.

To experimentally validate the application of the flexible ther-
mal switch in infrared thermal display, a flexible thermal display
material was fabricated, as illustrated in Fig. 5(a). The PDMS
skeleton consists of multiple grids and a rectangular cavity, which
together form its internal framework. The rectangular cavity is filled
with magnetic liquid metal, while the grid regions are filled with
air. The bottom surface is encapsulated with a graphene film, and
the top of the PDMS skeleton is sealed with a PVC film. As shown
in Fig. 5(b), the thermal display material exhibits excellent flexi-
bility, allowing it to conform to multidimensional curved surfaces.
These features make thermal display material suitable for use in
multidimensional thermal display.

A polyimide heating film was attached to the surface of a cylin-
der, and the flexible thermal display material was placed on top. As
shown in Figs. 5(c) and S3, a magnetic pen containing a permanent
magnet was used to draw patterns on the thermal display material. In
regions where a magnetic field is present, the magnetic liquid metal
contacts the upper PVC film. Regions exposed to the magnetic field
exhibit higher thermal conductivity, whereas those without a mag-
netic field maintain lower thermal conductivity. By adjusting the
position of the magnetic pen, various patterns can be created on the
thermal display material. When the magnetic pen is moved across
the flexible thermal display material, the thermal conductivity along
its trajectory increases, leading to a higher surface temperature in the
corresponding regions. Although invisible to the naked eye, these
patterns are observable using an infrared thermal imager. As shown
in Video S1, the letters “T,” “H,” and “U” are sequentially displayed
on the flexible thermal display material.
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I1l. CONCLUSION

In conclusion, a flexible thermal switch composed of mag-
netic liquid metal, PDMS, graphene films, and PVC films has been
developed. The magnetic field regulates the distribution of magnetic
liquid metal, thereby enabling the flexible thermal switch to tog-
gle between 0.245 and 1.546 W-m™"-K™! in thermal conductivity,
corresponding to a thermal switching ratio of 6.3. Building upon
this design, we further fabricate a flexible thermal display material
in which the thermal conductivity of each region can be indepen-
dently tuned, thereby realizing multidimensional thermal display.
Regions exposed to a magnetic field exhibit high thermal conduc-
tivity, while those without a magnetic field maintain low thermal
conductivity, forming distinct thermal patterns. Finite element sim-
ulation demonstrates that the regionally controlled thermal switch
can generate alphabetic thermal patterns (A-Z). Experimentally, a
dynamic “THU” thermal pattern is formed on the curved surface
by maneuvering a magnetic pen and visualized using an infrared
thermal imager. This work presents a novel strategy for multidimen-
sional thermal display, offering new opportunities for information
visualization and infrared camouflage.

IV. EXPERIMENTAL SECTION
A. Fabrication of the PDMS skeleton

The PDMS skeleton was fabricated using Sylgard 184 silicone
elastomer, which consists of a pre-polymer base and a crosslinking
curing agent. The fabrication process began by mixing the base and
curing agent at a mass ratio of 10:1, followed by mechanical stirring
for 10 min. The resulting mixture was then degassed in a vacuum
oven for 20 min to remove bubbles. Following degassing, the mix-
ture was cast into a custom mold and cured at 100°C for 2 h in a
vacuum oven. Finally, the cured PDMS was demolded to obtain the
desired PDMS skeleton.

FIG. 5. Flexible thermal display material.
(a) Structure of the flexible thermal dis-
play material. (b) Flexibility of the flexible
thermal display material. (c) Drawing pat-
terns on the surface of flexible thermal
display material with a magnetic pen.

= ~

APL Mater. 14, 031110 (2026); doi: 10.1063/5.0319412
© Author(s) 2026

14,031110-5

85'60:10 920C YdIeN Z1


https://pubs.aip.org/aip/apm

APL Materials

B. Fabrication of the flexible thermal switch

The flexible thermal switch consists of a graphene film, a PDMS
skeleton, magnetic liquid metal, and a PVC film, with overall dimen-
sions of 25.5 x 25.5 x 3.73 mm”. The graphene film serves as the
bottom encapsulation layer, while the PVC film functions as the top
encapsulation layer. The thicknesses of the graphene film, PDMS
skeleton, and PVC film are 0.1, 3.5, and 0.13 mm, respectively. The
internal cavity of the PDMS skeleton features two interconnected
rectangular regions, measuring 15.6 x 15.6 x 1.5 and 23.4 x 23.4 x
2.0 mm?, respectively. The cavity within the PDMS skeleton is filled
with magnetic liquid metal and air. The morphology of the magnetic
liquid metal can be dynamically controlled by an external magnetic
field, achieving switching between the “on” and “off” states.

C. Fabrication of the flexible thermal display material

The flexible thermal display material is fabricated by integrat-
ing multiple flexible thermal switches. Its material composition and
thickness are identical to those of a single flexible thermal switch,
while its length and width vary. The PDMS skeleton measures 60.0
x 24.0 x 3.5 mm?, with each grid having a side length of 2.0 mm and
a thickness of 1.5 mm, along with the rectangular cavity measuring
56.0 x 20.0 x 2.0 mm”.

D. Characterization

The hysteresis loops of liquid metal were analyzed using a
vibrating sample magnetometer (LakeShore 7404). The thermal con-
ductivities of liquid metal were measured using the transient plane
source method (Hot Disk TPS 2500 S). The morphological evolu-
tion of the magnetic liquid metal was recorded using a high-speed
camera (FASTCAM Mini UX 50). The thermal conductivity of the
flexible thermal switch was measured using a Thermal Interface
Material Thermal Resistance and Conductivity Measurement Appa-
ratus (Longwin LW-9389MD). The thermal patterns were recorded
using an infrared thermal imager (Fotric 288+).

SUPPLEMENTARY MATERIAL

See the supplementary material for detailed information on the
hysteresis loop, thermal conductivity measurement, finite element
simulation, and magnetic pen. Video S1 presents infrared thermal
imaging of the dynamic drawing process of the “THU” thermal
pattern.
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