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Wearable electronics have continued to attract the attention of researchers and clinicians due to their great potential in medical
applications. During their operations, the undesired heating may cause thermal discomfort or damage to skin. Seeking materials
and structures for advanced thermal protection has become an urgent issue. Here, we report a soft, stretchable thermal protective
substrate for wearable electronics with remarkable thermal insulating performance, mechanical compliance and stretchability. The
thermal protective substrate features a composite design of the widely used polymeric material polydimethylsiloxane with
embedded heat absorbing microspheres, consisting of phase change materials encapsulated inside the resin shell. Experimental
and numerical studies show that the thermal protective substrate could be subjected to complex deformations over 150% and
could reduce the peak skin temperature increase by 82% or higher under optimizations. In vivo demonstration of this concept on
the mouse skin illustrates its unusual thermal protection capability for wearable thermal management.
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INTRODUCTION

Wearable electronics have continued to attract the attention of
researchers and clinicians due to their ability to have a conformal
contact to skin with great potential in medical applications such as
healthcare monitoring', wound management*®, and drug
release®’. In the past decade, considerable efforts have been
dedicated to develop high-performance wearable electronic devices
by integrating functional components onto the soft polymer
substrate via advanced manufacturing technologies®="" for contin-
uous and accurate measurement of human vital signs'>-%°. Among
these successful demonstrations, many involve functional heating
components (e.g., light-emitting-diode), which extremely require
advanced thermal management techniques to protect the skin from
undesired heating due to the low heat insulating performance of
commonly used soft polymer substrates such as polydimethylsilox-
ane (PDMS) and ecoflex. To enhance the thermal insulating
capability of a substrate, insulation fillers (e.g., hollow microspheres,
aerogel) with low thermal conductivities?'?? or phase change
materials (e.g., paraffin wax, polyethylene glycol) with abilities to
absorb and release large amounts of latent heat energy at a
constant transition temperature>>~?” have been extensively utilized
for thermal management of electronic devices. Despite the notable
advances, the solid rigidity or liquid leakage associated with the
above composite designs makes them unsuitable for wearable
thermal management. Recent attempts based on orthotropic
substrate design®® and functional soft composite design®® by
controlling the heat flow direction have shown great promise for
the thermal management of wearable electronics. However, the
compromise of flexibility and stretchability greatly limits their broad
utilities in practical applications. Thus, the design of a soft,
stretchable thermal protective substrate for thermal protection of
skin remains a challenge for wearable thermal management.

Here, we report a soft, stretchable thermal protective substrate
for wearable thermal management with capabilities to provide
thermal protection to skin while maintaining softness and
stretchability to ensure intimate contact with skin. The thermal
protective substrate features a composite design of the widely-
used polymeric material polydimethylsiloxane (PDMS) with
embedded heat-absorbing microspheres, which consist of phase
change material (n-eicosane) encapsulated inside the melamine-
formaldehyde resin shell. The encapsulation shell not only avoids
the leakage of phase change material when it experiences solid-
liquid phase transition to absorb large amounts of heat energy but
also reacts with the platinum catalyst®® to prevent the cross-
linking reaction, yielding a desired soft, stretchable, and adhesive
substrate. The proposed composite design overcomes the
challenges of solid rigidity and liquid leakage associated with
existing designs and offers a suitable route to develop a soft,
stretchable thermal protective substrate for wearable thermal
management. Experimental and numerical studies have been
carried out to reveal the fundamental aspects of the design,
fabrication, and operation of the thermal protective substrate with
remarkable thermal insulating performance, mechanical compli-
ance, and stretchability. In vivo demonstration of this concept in a
wearable heater on the mouse skin illustrates its unusual thermal
protection capability for wearable thermal management.

RESULTS AND DISCUSSION

Design of the thermal protective substrate

Figure T1a-c schematically shows the concept of the proposed
thermal protective substrate (TPS) with the capabilities of thermal
insulation, mechanical compliance, and stretchability, which are
highly desirable in practical applications of wearable electronic
devices bonding to skin. Heat-absorbing microspheres with phase
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Fig. 1 Design concept and illustrations of the proposed thermal protective substrate (TPS) for wearable electronics with the capabilities
of thermal insulation, mechanical compliance, and stretchability. a Schematic illustration of a wearable electronic device attached to
human skin. b Schematic illustration of heat transfer from devices to skin with the TPS absorbing large amounts of heat energy. ¢ Schematic
illustration of TPS composed of a polymer matrix embedded by heat-absorbing microspheres consisting of phase change materials
encapsulated by the resin shell. The solid-liquid phase change occurs during the heating and cooling processes. Optical images of TPS under
various deformations: d undeformed, e twist, f stretch, and g twist/stretch. h, i Cyclic loading test of TPS under an applied strain of 50% at a
frequency of 3 Hz. j TPS attached to the index finger joint with stretch. k TPS attached to opisthenar with compression. | Optical image of
PDMS and TPS without heating. m Thermal image of PDMS and TPS after placed on 80 °C hot plate for 10s. The TPS is composed of heat-
absorbing microspheres with a mass ratio of 80%.
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change material of n-eicosane encapsulated inside a polymer shell
of melamine-formaldehyde resin are adopted to mix with the
commonly used polymer PDMS to enable the thermal insulation
ability. During device operation, large amounts of heat energy
generated from the functional heating component are absorbed
by the solid-liquid phase change of n-eicosane to avoid excessive
heating of skin (Fig. 1b, c). Thus, the temperature at the substrate/
skin interface could be much lower than that of the heat source.
Different from existing phase change material-enabled thermal
protective substrate designs without required mechanical com-
pliance and stretchability for a reliable skin/device interface, the
proposed design introduces an appealing cross-linking inhibition
process® due to the melamine-formaldehyde resin shell of phase
change microsphere to yield a desirable soft, stretchable
composite substrate.

To demonstrate the benefits of the proposed TPS, we mixed the
heat-absorbing microspheres (phase change temperature: ~37 °C,
GreenTech LF) with the liquid PDMS (Sylgard 184, 10:1 mass ratio
of base to curing agent, Dow Corning) with the mass ratio varying
from 0 to 80%. It should be noted that there are several other
phase change materials with higher latent heat such as palmitic
acid®’, myristic acid®’, and pentaglycine3. Although these
materials may absorb more heat energy during operation, the
phase change temperature, which is usually above 55 °C, is so high
that induces thermal damage to biological tissue. To be a good
material candidate for the thermal protective substrate of wearable
thermal management, the phase change material embedded in
the substrate should satisfy several constraints. The bottom
requirement is that the phase change temperature should be
higher than the core body temperature (~37 °C)** and lower than
the temperature (~43 °C)**> above which causes thermal discom-
fort. Moreover, the more the latent heat, the better the thermal
insulating performance. The current phase change material has a
phase change temperature just above the core body temperature,
which serves as a very good candidate for wearable thermal
management despite that it may not have the highest latent heat.

The fabrication of TPS is simple and only involves stirring,
molding, and baking processes, as illustrated in Supplementary
Fig. 1a. More details are given in the Methods section. The
diameter of heat-absorbing microspheres is on the order of 30 pm
(Supplementary Fig. 1b), which indicates the limit of TPS thickness.
Figure 1d-k demonstrate the mechanical compliance and
stretchability of TPS with 80 wt% heat-absorbing microspheres.
Unlike existing composites by physically blending phase change
materials with compliant polymers with undesired increased
stiffness and decreased stretchability, the proposed TPS is very
soft due to the chemical inhibition of cross-linking, and could be
subjected to complex deformations (such as stretch, twist, stretch/
twist) over 150% without failures (Fig. 1d-i). To evaluate the
mechanical stability of TPS, a fatigue test by the fatigue machine
(M200, CARE) with a large strain (50%) at 3 Hz frequency for
5000 times was carried out. The output of stress was recorded in
Fig. Th with the middle 20 cycles plotted in Fig. 1i. The maximum
stress remains almost unchanged during the 5000 loading/
unloading cycles, which indicates a good elasticity of the
proposed TPS. The reaction of polymer shell of heat-absorbing
microspheres with platinum catalyst®°, which prevents the cross-
linking of PDMS base and curing agent, significantly enhances the
mechanical compliance of TPS and helps the adhesion of TPS to
skin. Figure 1j, k show TPS conformally attached to the index
finger joint and the opisthenar subjected to stretch and
compression, which indicates a great adhesion of TPS.

To demonstrate the remarkable heat insulating performance of
TPS, we cut the commonly used PDMS substrate and the
proposed TPS with a mass ratio of 80% of heat-absorbing
microspheres into flower shapes (thickness: 1 mm) as shown in
Fig. 11 and placed them on an 80 °C hot plate for 10s with the
temperature changes recorded by a thermal imager. The heat flux
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conducting through the substrate from the hot plate will cause a
temperature rise on the top surface. Due to the heat-absorbing
microspheres, which absorb large amounts of heat energy during
the heat transfer, the thermal insulating performance of TPS has
been significantly improved compared to that of PDMS substrate.
As shown in Fig. Tm, the maximum surface temperature of TPS is
only 53 °C with the most regions below 50 °C, while that of PDMS
substrate can reach as high as 68°C almost uniformly. To
demonstrate the heat insulating performance of TPS over multiple
heating cycles, the TPS with a mass ratio of 80% heat-absorbing
microspheres (thickness 1.3 mm) was placed on a 70 °C hot plate
for 40 s followed by cooling it to room temperature and reheating
it again. It is observed that the maximum surface temperature
remains almost unchanged over 50 heating cycles (Supplemen-
tary Fig. 2), which indicates that the proposed TPS has a stable
heat insulating performance.

Mechanical and thermal properties of thermal protective
substrates

Systematic experimental studies were carried out to investigate
the mechanical and thermal properties of TPS. Figure 2a shows
the elastic modulus of TPS as the function of the mass ratio of
heat-absorbing microspheres at various temperatures of 20, 50,
and 100 °C. The temperature, no matter it is higher or lower than
the phase transition temperature (~37°C), has a negligible
influence on the elastic modulus although a higher temperature
may slightly increase the modulus at low mass fractions. As the
mass ratio increases, the TPS becomes softer due to the cross-
linking inhibition reaction between the melamine-formaldehyde
resin shell and platinum catalyst®. It is shown that the elastic
modulus could decrease 98% from 1.56 to 0.023 MPa when the
mass ratio increases from 0 to 80%. Figure 2b gives the maximum
tensile strain as the function of the mass ratio of heat-absorbing
microspheres at different temperatures. The temperature has a
notable influence on the maximum tensile strain. Although the
increase in temperature causes a decrease in the maximum tensile
strain, the TPS still can be stretched over 100% even if the
temperature is higher than 100 °C. The maximum tensile strain of
TPS shows an overall slightly increasing trend with the increase of
a mass fraction of heat-absorbing microspheres. For example,
when the mass ratio increases from 0 to 80%, the maximum
tensile strain of TPS increases only 16.3 from 194.3% to 226.1% at
a temperature of 25°C before phase change occurs and only
15.5% from 157.6 to 182.1% at a temperature of 100 °C after phase
change occurs. These results indicate that the addition of heat-
absorbing microspheres to PDMS vyields a low density of cross-
linking due to the cross-linking inhibition reaction, which makes
the TPS more compliant and stretchable at the break. The above
feature is highly desirable in wearable thermal management but
not for other applications requiring the maximization of the
loading of filler materials. Although PDMS is a widely-used
elastomer, its chemical cross-linking requirement based on Pt
catalysts sometimes hinders a large loading of the filler material.
Since the loading amounts of microspheres is sensitive to the heat
absorption amount, the efforts to maximize the loading amount is
also meaningful as demonstrated in thermoplastic elastomers
such as poly(styrene-butadiene-styrene) (SBS)*® and poly(styrene-
ethylene-butylene-styrene) (SEBS)’ instead of the chemically-
crosslinked elastomers (e.g, PDMS). Figure 2c shows the
dependence of TPS density on the mass ratio of heat-absorbing
microspheres, which clearly indicates that the density remains
almost a constant at 970 g cm 3.

The thermal properties of TPS are important to optimize
thermal insulating performance. The high-temperature synchro-
nous thermal analyzer (NETZSCH DSC 214, Germany) was utilized
to measure the thermal conductivity and specific heat capacity of
TPS. The thermal conductivities before and after phase change,
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Fig. 2 Mechanical and thermal properties of TPS. a The elastic modulus of TPS and b the maximum tensile strain of TPS versus the mass
ratio of heat-absorbing microspheres under different temperatures. ¢ The density of TPS versus the mass ratio of heat-absorbing
microspheres. d The thermal conductivity of TPS versus the mass ratio of heat-absorbing microspheres before the phase change (25 °C) and
after the phase change (50 °C). e The variation of the specific heat capacity of TPS with temperature under different mass ratios of heat-
absorbing microspheres. f The latent heat of TPS versus the mass ratio of heat-absorbing microspheres.

corresponding to temperatures of 25 and 50 °C, respectively, as
functions of the mass ratio of heat-absorbing microspheres are
given in Fig. 2d. Before the phase transition, the thermal
conductivity of TPS is higher than that of PDMS and increases
from 0.177 to 0218 Wm~' K~! with the increase of mass ratio
from 0 to 80%. After the phase transition, the thermal conductivity
of TPS is lower than that of PDMS and decreases slightly from
0.177 t0 0.163 W m~" K=" with the increase of mass ratio from 0 to
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80%. These opposite trends in thermal conductivity of TPS before
and after the phase transition may be contributed to the change
of thermal conductivity of heat-absorbing microspheres. Before
the phase transition, the thermal conductivity of the heat-
absorbing microspheres is higher than that of PDMS, and
therefore, the thermal conductivity of TPS increases as the mass
ratio of the heat-absorbing microspheres increases. After the
phase transition, the phase change materials inside the heat-
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absorbing microspheres undergo a phase change and the thermal
conductivity of the heat-absorbing microspheres becomes slightly
lower than that of PDMS. Thus, the thermal conductivity of TPS
decreases slightly as the mass ratio of the heat-absorbing
microspheres increases. Figure 2e shows the variation of the
specific heat capacity of TPS with the temperature under different
mass ratios of heat-absorbing microspheres. The specific heat
capacity of PDMS, corresponding to the mass ratio of 0%, remains
almost a constant at 1.35Jg~' K=, which indicates that no phase
transition occurs and the latent heat is zero. However, the specific
heat capacity of TPS has an obvious endothermic peak at around
37 °C, which is the same as the phase transition temperature of
the embedded heat-absorbing microspheres. As expected, the
peak value of specific heat capacity increases with the increase of
mass ratio since a higher mass ratio involves more phase change
materials, leading to a larger latent heat. As illustrated in Fig. 2f,
the latent heat of TPS linearly depends on the mass ratio of heat-
absorbing microspheres. These results provide the material
foundation for designing TPS to achieve the desired thermal
insulating performance for wearable thermal management.

Thermal insulating performance of thermal protective
substrates

To demonstrate the thermal insulating effect, we developed a
wearable electronic device with a heater (10 mm diameter, 20-um
thickness, shown in Supplementary Fig. 3) as the heating source
on the TPS with a diameter of 20 mm. The ambient temperature is
29 °C. Figure 3a shows the schematic illustration of the device with
a TPS thickness of 1.4mm. The heat flux passing through the
substrate causes the increase in skin temperature with the
maximum value occurring on the bottom surface of the device
(or top surface of the skin) during its operation. Here, an infrared
thermal imager was used to measure the maximum temperature
(without skin) at the bottom surface to quantify the thermal
insulating performance of TPS. Finite element analysis (FEA) was
also carried out to investigate the thermal protective effect of TPS
with details given in the Methods section. The temperature
distributions on the bottom surface of a substrate at the heating
time of 75s are shown in Fig. 3a with the heating power of
140 mW. FEA results agree well with experimental measurements,
which indicates that FEA is valid and accurate to predict
temperatures in the system.

To understand the thermal protection mechanism of TPS, we
compared the maximum temperature on the bottom surface of
the substrate when the mass ratio of heat-absorbing microspheres
varies from 0 to 80% during the device operation (heating power:
140 mW) in Fig. 3b. For the wearable electronic device with a
PDMS substrate, corresponding to a mass ratio of 0%, the
maximum temperature increases monotonically and continuously
to a stable temperature of around 59.5 °C. At first, the maximum
temperature rises rapidly and then the rise rate decreases until the
temperature becomes stable. However, for the wearable electronic
device with a TPS, the thermal response is more complicated and
can be described by two distinct stages. In the first stage with the
temperature below a value slightly lower than the phase transition
temperature, the maximum temperature rises slowly for a period
of time, yielding a much lower temperature compared with the
case of PDMS substrate. The reason is that the heat-absorbing
microspheres experience the solid-liquid phase transition to
absorb large amounts of excess heat energy. Moreover, the larger
the mass ratio of heat-absorbing microspheres, the lower the
maximum temperature. Once the phase transition completes, the
maximum temperature reaches the second stage with a similar
temperature rise rate as the case of PDMS substrate. It is shown
that the maximum temperature at the steady-state decreases
slightly as the mass ratio of heat-absorbing microspheres
increases. For example, the steady maximum temperature drops
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only from 59.5 to 55.3 °C with the increase of mass ratio from 0
to 80%.

It is obvious that the maximum temperature depends on the
heating duration time. Considering that the phase transition
completes at around 75 s for the mass ratio of 80%, which is the
case with the best thermal insulating performance. The evolutions
of the maximum temperature with the heating duration time of
75 s are shown in Fig. 3c with various mass ratios of heat-absorbing
microspheres. The material and geometrical parameters are the
same as those in Fig. 3b. The good agreement between
experimental measurements and FEA again validates the accuracy
of FEA. It is clearly shown that the maximum temperature decreases
significantly during the heating process with the increase of the
mass ratio of heat-absorbing microspheres. The maximum
temperature on the bottom surface of the substrate can reach a
peak value of 51 °C for the wearable electronic device with a PDMS
substrate, while those for the wearable electronic devices with
thermal protective substrates reach only 47, 41, and 33 °C for the
mass ratios of 20, 40, and 80%, respectively. To quantify the thermal
insulation performance of TPS, we define the percentage of
temperature reduction as the relative peak temperature difference
for the cases with PDMS substrate and TPS over the temperature
increase of the case with PDMS substrate. The temperature
reduction percentages are 18, 45, and 82% for the mass ratios of
20, 40, and 80%, respectively, which clearly indicate that the
proposed TPS has much better thermal insulating performance
than the conventional PDMS substrate and can serve as the thermal
protective substrate for wearable electronic devices. When the
wearable electronic device does not operate, the maximum
temperature cools down and finally reaches the ambient tempera-
ture after a long period of time. Considering that the TPS absorbs
large amounts of heat energy during the heating process, the
maximum temperature for the case of TPS drops much slower than
that of PDMS substrate during the cooling process due to the
liquid-solid phase transition.

To better understand the thermal behaviors of wearable
electronic devices with TPS, the influences of substrate thickness,
heating powers, and external stretch on the maximum tempera-
ture are systematically investigated. The heating duration time
and mass ratio of heat-absorbing microspheres are set as 75 s and
80%, respectively. Figure 3d shows the maximum temperature on
the bottom surface of the substrate as the function of time with
various TPS thicknesses of 0.8, 1.0, and 1.4 mm. The heating power
is set as 140 mW. According to Fig. 3b, the case of 1.4 mm contains
just enough phase change materials to absorb the excessive heat
energy. The phase transition could occur during the whole
heating process, thus yielding the lowest peak value of the
maximum temperature. While for the cases of 0.8 and 1.0 mm,
the phase change materials in TPS are not enough and the phase
transition could complete before the unheating process starts,
thus yielding much higher peak values of the maximum
temperature. The temperature distribution on the bottom surface
of a substrate at the time of 75s with different thicknesses
(Supplementary Fig. 4) also indicates that the smaller the substrate
thickness, the higher the peak value of the maximum tempera-
ture. Figure 3e shows the maximum temperature on the bottom
surface of TPS as the function of time with various heating powers
of 140, 210, and 270 mW. The TPS thickness is set as 1.4 mm.
Considering that the TPS contains just enough phase change
materials to absorb the excessive heat energy under a heating
power of 140 mW (Fig. 3b), more heat energies under higher
heating powers will enter the system and yield much higher peak
values of the maximum temperature. The temperature distribution
on the bottom surface of TPS at the time of 75s with different
heating powers (Supplementary Fig. 5) also indicates that the
higher the heating power, the higher the peak value of the
maximum temperature. Supplementary Fig. 6 shows the tem-
perature distributions on the bottom surface of TPS (mass ratio:
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Fig.3 Thermal insulating performance of TPS. a Schematic illustration of a wearable heater on a TPS (left), the thermal image of the bottom
surface of TPS by experiment (middle) and the temperature distribution on the bottom surface of TPS by FEA (right). The evolution of the
maximum temperature on the bottom surface of TPS (thickness: 1.4 mm) with different mass ratios of heat-absorbing microspheres under a
heating power of 140 mW with b the heating duration of 300's, and ¢ the heating duration of 75 s. d The influence of TPS thickness on the
maximum temperature (heating power: 140 mW, heating duration: 75 s). e The influence of heating power on the maximum temperature (TPS

thickness: 1.4 mm, heating duration: 75 s).

80%, thickness: 1.3 mm) at the time of 75 s with different tensile
strains (0, 30, 50, 80%) under a heating power of 140 mW. There is
no apparent difference in the peak value of the maximum
temperature, which indicates that the external stretch has a
negligible influence on the thermal insulating performance. These
results provide important guidelines for the design of TPS to
achieve the desired thermal insulating performance.
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In vivo experiment of skin protection

Depilated mice are used to characterize the thermal protective
ability of TPS as shown in Fig. 4a. The heater operates for 40s at
the heating power of 445 mW and then stops heating for 140s.
For comparison, the thermal protection effects of wearable
electronic devices with conventional PDMS substrate and the
proposed TPS are both investigated. The substrate thickness is
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1.3 mm. After heating for 40 s, the maximum temperature of the
skin surface of the PDMS group is 48.0 °C (Fig. 4b), while that of
TPS is only 40.8°C recorded by the infrared thermal imaging
camera. Along the black dotted line (Fig. 4b), the skin surface
temperature for the case of PDMS substrate remains much higher
than that of TPS in the central area (i.e, the area under the heater)
as shown in Fig. 4c even though the body temperature of the TPS
group is higher than that of PDMS group. Meanwhile, the skin
temperature gradually decreased in the area far away from the
heater. These results clearly show the outstanding thermal
protective ability of TPS for the skin. After turning off the heater
for 1405, the highest temperature of mice skin in TPS is 34.8 °C,
while that in the PDMS group is still as high as 39.0°C
(Supplementary Fig. 7a, b).

After the animal experiment, obvious blisters could be observed
in all mice of the PDMS group, while only slight blisters could be
found in the TPS group as shown in Fig. 4d. At the same time, the
average damaged skin area in the TPS group is 0.057 cm?, which is
significantly less than that in the PDMS group (0.739 cm?), which
shows that TPS has a much better protective ability to skin (Fig.
4e). Hematoxylin-eosin (H&E) staining (Fig. 4f) is used to
characterize the morphology of the skin. It could be found that
some cutaneous appendages disappeared and the epidermis fell
off in the PDMS group, while its morphology maintained
completely in the TPS group. The thickness of the epidermis is
further counted to evaluate the surface injury. As shown in Fig. 4g,
the thickness in the PDMS group is 9.36 um, which is much lower

Published in partnership with Nanjing Tech University

than Normal Control (NC) group (22.54 um). With the doping of
heat-absorbing microspheres, the epidermis thickness in the TPS
group is 19.05 um and shows a slight decrease. The above results
indicate that the proposed TPS can improve thermal insulation
performance substantially.

In this study, we proposed a soft, thermal protective substrate
for wearable electronic devices. The thermal protective substrate
features heat-absorbing microspheres, consisting of phase change
materials encapsulated by a resin shell, embedded in the widely-
used polymeric material PDMS. Mechanical and thermal properties
of the thermal protective substrate have been systematically
investigated. It is shown that the thermal protective substrate has
remarkable thermal insulating performance, mechanical compli-
ance, and stretchability. The phase transition of phase change
materials contributes to the ability of thermal insulation, while the
chemical prohibition of cross-linking of resin shells contributes to
the desired increased compliance and stretchability for better
conformal contact to the skin. Compared with the conventional
PDMS substrate, the thermal protective substrate could reduce the
peak skin temperature increase by 82% or even higher under
optimizations. In vivo demonstration of this concept in a wearable
heater on depilated mice illustrates its unusual thermal protection
capability for wearable thermal management. Despite the
attractive thermal insulating performance, mechanical compli-
ance, and large stretchability, the thermal protective substrate still
needs improvements in some aspects. For example, the white
heat-absorbing microspheres make the substrate milky white,
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which may limit its broad utilities in applications requiring
transparent substrates.

METHODS

Fabrication of the thermal protective substrate

The fabrication of thermal protective substrate is simple and only involves
stirring, molding, and baking processes, as illustrated in Supplementary
Fig. 1a. PDMS (Sylgard 184, Dow Corning) mixture was prepared by mixing
the base and curing agent in a 10:1 mass ratio. Then, the heat-absorbing
microspheres (phase change temperature: ~37°C, diameter: ~30um,
GreenTech LF) were mixed with the liquid PDMS with the mass ratio
varying from 0 to 80%. The mixture was then added to a mold followed by
degassing for 30 min and then curing in an oven at 85 °C for 3 h, 99 °C for
3h, and 115°C for 12h. Due to the fluidity of the mixture of heat-
absorbing microspheres and liquid PDMS, spin-coating can be used to
fabricate a thin film of TPS for encapsulation or additional substrate layer
with easily controlled uniformity and thickness in practical applications.
Although the thermal protective substrate is not compatible with the
conventional microfabrication processes, a pattern (e.g., kirigami pattern)
can be easily achieved by screen printing for more interesting applications.

Finite element analysis

A 3D thermal model is established in COMSOL. Due to the thin thickness of
the heater, the heater is modeled as a surface heat source. The free surfaces
have natural convention boundaries with the coefficient of natural convection
of 14Wm~2 K. The ambient temperature is 29 °C. The thermal conductivity,
density, and specific heat of PDMS substrate and thermal protective substrate
have been measured in Fig. 2c—e. The phase changes the temperature of the
thermal protective substrate is set as 37 °C with the latent heat given in Fig.
2f. The element size ranges from 0.0315 to 0.735 mm with a total number of
over 25,000. The fine mesh is adopted for the region near the heat source and
the coarse mesh for that far from the heat source. The convergence of FEA
has been verified by the tiny change of less than 0.1% via the comparison
with a model using a much smaller element size of 0.01 mm.

Animal experiment

The ICR mice were depilated and randomly divided into three groups (n = 5):
(1) Negative control group (NC group, without any operation); (2) PDMS
group (PDMS as thermal protective substrates); (3) TPS group (TPS as thermal
protective substrates). After being attached to the skin surface, the heater
was turned on for 40 s at the power of 445 mW and then turned off for 140s.
Infrared thermal imaging was immediately taken when the device was
removed at the 40 and 180 s. The heated skins were photographed, and the
damaged area was counted after the experiment. Meanwhile, the skins after
heating was cut off and utilized for hematoxylin-eosin (H&E) staining. The
animal use protocol has been reviewed and approved by the Institutional
Animal Care and Use Committee of the Zhejiang Center of Laboratory
Animals (Approval No. ZJCLA-IACUC-20020030).

DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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