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Abstract

The realization of the thermoregulating function of electronic skin (e-skin) by

simulating the human temperature perception system can greatly improve the

intelligence of the e-skin. Here, we report a thermoregulating e-skin that fits

on the surface of a prosthetic limb based on a hybrid structure consisting of a

flexible thermoelectric device and a phase-change heat sink. The hybrid e-skin

possesses outstanding temperature adaptability similar to that of the human

body; it can maintain the surface temperature at 35�C in environmental tem-

peratures ranging from 10 to 45�C. The power expenditure of the e-skin is

essentially the same as the energy required by the human body to regulate tem-

perature and is only 14.22 mW cm�2 in the thermoneutral zone. Thermoregu-

lation based on this e-skin can greatly improve the temperature distribution of

the target surface, providing a promising solution for the biomimetic thermo-

regulation of robots and the next generation of intelligent prostheses.
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1 | INTRODUCTION

The skin, the largest organ of the human body, is
stretchable and strong enough to protect the organs
inside the body; at the same time, the skin is also

sensitive to the environment through various tactile sen-
sory receptors.1–3 In recent years, electronic skins
(e-skins) with protection, perception, and adjustment
functions have been developed, which show promising
applications in wearable devices, human-computer
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interface, intelligent prostheses, medical diagnostics,
and other areas.4–9

The temperature sensing and thermoregulating func-
tion of e-skin is attracting increasing attention, particu-
larly in the intellectualization of bionic robots and
mechanical prostheses.10–12 Human beings perceive dif-
ferent degrees of heat and cold through four types of tem-
perature sensory receptors.13 The human body has an
integrated secretion system and heat production mecha-
nism capable of maintaining body temperature within a
thermostatic state, regardless of surrounding condi-
tions.14 The classic e-skin, on the other hand, due to limi-
tations of materials and structures, cannot maintain a
constant temperature like the human body can in a
temperature-varying environment. Similar to the hetero-
thermal animal, the temperature of the classic e-skin is
passively associated with the ambient temperature.15 The
lack of temperature regulation of the e-skin cannot only
endanger the user of e-skin but may also induce negative
psychological outcomes. For example, if the human body
comes into contact with the e-skin attached to the pros-
thesis surface, the temperature difference between the
human skin and the e-skin will make the human body
feel uncomfortable, which impedes the amputee's accep-
tance of the prosthesis. As a result, a thermoregulating
design for the e-skin is critical as this could significantly
increase the comfortability of assist prosthetic users, and
rebuild up their self-confidence.

The purpose of thermoregulating design is to influ-
ence the temperature of an object by adjusting heat trans-
fer, including enhanced heat dissipation and suppressed
heat loss, to improve the object's thermal environ-
ment.16–18 For heat dissipation, materials of high thermal
conductivity can swiftly dissipate the Joule heat gener-
ated by functional electronics.19–21 As an alternative way
to prevent high temperatures, phase change materials
(PCM) such as paraffin are used to regulate temperature
near the phase change temperature point.22–24 Control of
thermal radiation using infrared transparent or reflective
textiles was reported for personal thermal
management.25–28 However, these passive thermal man-
agement strategies using high thermal conductivity mate-
rials, PCM, and thermal management textiles, are only
suitable for single-purpose heating or cooling, but not
both. For thermoregulation, an active means is essential
to control the temperature in a varying thermal environ-
ment. Active thermoregulation involves connecting an
external power supply, converting electric energy to heat
energy, and then changing the temperature of the object.
Using the joule effect of conductors to change tempera-
ture is an efficient heating method.29–32 Thermoelectric
techniques can create a temperature gradient on the
device for heating and cooling based on the Peltier

effect.33–36 However, there is no report on how to accu-
rately regulate the temperature of e-skin in a complicated
thermal environment.

To address this challenge, we propose a wide-
temperature range thermoregulating e-skin design based
on a hybrid structure consisting of flexible thermoelectric
devices and phase-change heat sinks. The e-skin is
mounted to a prosthetic limb as the surface skin for ther-
moregulation. We systematically investigated the thermo-
regulating performance of the hybrid e-skin in both hot
and cold environments. We discussed the power expendi-
ture to maintain the e-skin at a comfortable temperature.
The e-skin maintained the surface temperature at 35�C
in temperatures ranging from 10 to 45�C. The hybrid e-
skin provides a solution for biomimetic temperature reg-
ulation in robotics and the next generation of intelligent
prostheses.

2 | RESULTS AND DISCUSSION

2.1 | Thermoregulating design of an e-
skin through a hybrid structure

Figure 1 shows the concept of a wide-temperature range
thermoregulating e-skin design. Humans are homeother-
mal, in contrast to heterothermal animals such as the
bullfrog (Figure 1A).13–15 Humans maintain an almost
constant body temperature through autonomic and
behavioral responses that provide thermoregulation. As a
result of thermoregulatory behavioral responses, humans
will naturally seek a state of thermal comfort. Thermo-
regulation also affords us the ability to be highly sensitive
to environmental changes and express our emotions. To
mimic thermoregulation of the body, we used a hybrid
structure consisting of a flexible thermoelectric device
and a PCM heat sink (Figure 1B,C). We used an island-
bridge structure to assemble the flexible thermoelectric
device (detailed steps are provided in Section 4). The as-
fabricated flexible thermoelectric device could bend and
conform well to a prosthetic limb surface. To lengthen
the cooling service life of the thermoelectric devices, a
paraffin/organosilicone composite was used for the PCM
heat sinks. The PCM can absorb a substantial amount of
heat while maintaining a constant temperature as the
temperature of the hot side approaches the phase change
point of the PCM, extending the thermoelectric device's
effective cooling duration. Figure S1A shows the simula-
tion results for mechanical properties of flexible thermo-
electric devices in both traditional and island-bridge
configurations. When a negative z-axis force of 0.02 N
was applied to the right side of the device, the maximum
displacement of the conventional configuration was
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about 74 μm. Under the same stress conditions, the maxi-
mum displacement of the island-bridge configuration
was 0.89 mm, which is one order of magnitude larger
than that of the traditional configuration, indicating that
the overall flexibility of the island bridge configuration is
significantly better than that of the traditional configura-
tion. The as-fabricated e-skin is durable in cyclic bending,
showing almost no change in resistance after 200 bending
cycles (Figure S1B).

The human skin can regulate body temperature even
in complicated temperature environments, in part
because cells create a substantial quantity of heat through
metabolism to keep the human body temperature near
37�C and sustain normal physiological processes of the
human body. Figure 1D,E show the home-built wind
channel for simulating a hot or cold environment with
controllable wind speed and temperature. For the thermo-
regulating performance measurement, the as-fabricated

hybrid e-skin was set on a silicone-based prosthesis in the
wind channel. The heating, cooling, and temperature
adaptation effects of the e-skin in complex environments
were systematically investigated as described in the next
sections.

2.2 | Thermoregulation of hybrid e-skin
in a cold environment

In a cold environment, cold receptors in the skin of
humans perceive cold temperatures and convey signals to
the brain, resulting in the sensation of cold (Figure 2A).
The brain controls processes that decrease heat loss
through the skin, such as vasoconstriction and contrac-
tion of the arrector pili muscles.14 In the as-fabricated
hybrid e-skin, the temperature sensor, similar to a
human body temperature receptor, monitors temperature

FIGURE 1 The design and testing equipment of the e-skin. (A) The body's sense of temperature and the need for temperature

regulation13–15; (B) photo of the thermoregulating e-skin; (C) basic structure of the thermoregulating e-skin; (D) test schematic diagram of

the temperature control experiment; (E) photo of the experimental test equipment
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drops and sends the signal to the control system to turn
on the power of the thermoelectric unit. The e-skin then
undergoes a heating process.

Figure 2B,C present the effect of input power density
on the surface temperature of the e-skin exposed to an
ambient temperature of 20�C and a wind speed of
0.5 m s�1. With an input power density of 7.8 mW cm�2,
the e-skin surface temperature first rises rapidly, then
slowly until it reaches 24.8�C after 600 s. An increase in
the input power density increases the e-skin heat produc-
tion, which raises the e-skin surface temperature. Under
an input power density of 31.2 mW cm�2, the e-skin sur-
face temperature was stable at 32.9�C. By changing the
input power to affect heat production, the surface

temperature of the e-skin can be heated to the desired
temperature.

Body thermoregulation involves a balance between
heat production and heat dissipation.14 We imitated
human body to explore the thermoregulating effect of
e-skin under different heat dissipation conditions when
the input power density is constant. We define specific
power expenditure (the e-skin thermoregulating power
density requirements to change the surface temperature
per degree Celsius) to determine the thermoregulating
effect of e-skin. Figure 2D,E illustrate the e-skin's surface
temperature measured and the specific power expenditure
under various wind speeds, respectively. The stable surface
temperature of the e-skin was 28.7�C at low wind speed

FIGURE 2 Thermoregulation of the e-skin in a cold environment. (A) Temperature regulation of human skin and e-skin in a low-

temperature environment; (B) and (C) are the surface temperatures of the e-skin under different input power densities; (D) and (E) are the

surface temperatures and the specific power expenditures of the e-skin under different wind speeds; (F) and (G) are the surface temperatures

and the specific power expenditures of the e-skin under different wind temperatures
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(0.25 m s�1), but only 25.3�C at high wind speed (1 m s�1)
under the same conditions (Pheating = 15.6 mW cm�2,
Twind = 20�C). And at a wind speed of 1 m s�1, the specific
power expenditure of the e-skin was 3 mW cm�2 �C�1, 1.5
times higher than a wind speed of 0.25 m s�1. The increas-
ing wind speed increases the convective heat transfer
between the e-skin surface and the environment. Similar
to the human body, at low temperatures, strong convec-
tion conditions can remove more heat from the surface of
the e-skin, requiring greater specific power expenditure to
maintain surface temperature.

The thermoregulating ability of the e-skin was also
affected by changing the wind temperature (Figure 2F,
G). At the same wind speed and the same input power
density, the stable surface temperature of the e-skin was
21.5�C at a wind temperature of 10�C, which was about
8�C lower than that when the wind temperature was
25�C. Consistently, the specific power expenditure
increased from 1.66 to 8.53 mW cm�2 �C�1 as the wind
temperature declined from 25 to 10�C. The low tempera-
ture environment creates a larger temperature gradient
with the e-skin surface, which increases the heat dissipa-
tion of the e-skin surface and impairs the heating ability
of the e-skin. Greater specific power expenditure is
required to raise the surface temperature of the e-skin
when it is exposed to low temperatures.

In general, the e-skin adapts well to cold tempera-
tures by heating and is affected by both internal and
external heat transfer. When the environment is mild,
the e-skin, like the human body, can raise surface tem-
perature at a low specific power expenditure. The heating
effect is weakened and the specific power expenditure
rises when heat production is limited and heat dissipa-
tion is intense. This scenario can be altered by adjusting
the e-skin input power density.

2.3 | Thermoregulation of hybrid e-skin
in a hot environment

In a hot environment, the skin senses temperature
through warm receptors and relays the information to
the brain, resulting in the sensation of being hot. As
shown in Figure 3A, the brain directs the skin tissue to
execute cooling operations such as vasodilation, relaxa-
tion of arrector pili muscles, and perspiration.14 In a simi-
lar manner, when the temperature sensor in the
thermoregulating e-skin detects that the external envi-
ronment is too hot, it sends a signal to the control system.
The thermoelectric device's upper surface is now the cold
side, absorbing heat from the lower surface and cooling
the e-skin surface. During this process, the thermoelectric
device's lower surface is producing substantial heat,

therefore reducing the device's cooling effect. Human
skin can radiate heat into the environment, but because
the e-skin cannot do so, it must store heat in a heat reser-
voir beneath it to maintain a cooling effect on the
surface.

Figure 3B,C show the effect of the input power den-
sity on the e-skin surface temperature when the ambient
temperature was 35�C and the wind speed was 0.5 m s�1.
The surface temperature of the e-skin dropped with time
when the input power density was 7.8 mW cm�2, reach-
ing a final temperature of 32�C. The e-skin surface tem-
perature gradually dropped when the input power
density increased. The surface temperature reached 29�C
when the power density was 31.2 mW cm�2, but eventu-
ally, the heat generation of hot side exceeded the phase
change material's storage capacity, and the cooling effect
of the thermoelectric device deteriorated. The surface
temperature of the e-skin gradually increased to a final
temperature of 32�C. The cooling effect of e-skin is
affected by the heat generated by the hot side of thermo-
electric device, which can be enhanced by improving the
thermal conductivity of prostheses or increasing the heat
storage of PCM in future.

In a high temperature environment, the surface of
the e-skin undergoes a cooling process and its tempera-
ture is lower than that of the environment. The heat in
the environment will affect the surface temperature of
the e-skin through convection. We also measured the
effect of different environmental conditions on the cool-
ing performance of the e-skin. Figure 3D,E show the
surface temperature and the corresponding specific
power expenditure of the e-skin at various wind speeds.
When the wind temperature was 35�C and the input
power density was 15.6 mW cm�2, the surface tempera-
ture of the e-skin decreased rapidly from 35 to 30�C at
a wind speed of 0.25 m s�1, and then remained rela-
tively constant. At this time, the specific power expendi-
ture of the e-skin was 3.3 mW cm�2 �C�1. However,
when the wind speed increased to 1 m s�1, the final
temperature of the e-skin increased to 32�C, and the
specific power expenditure rose to 5.2 mW cm�2 �C�1.
The increase in wind speed enhanced convection
between the e-skin surface and the environment, so
greater specific power was required to lower the surface
temperature.

In addition, e-skin cooling was hampered by rising
ambient temperatures (Figure 3F,G). At a wind tempera-
ture of 30�C, the surface temperature of the e-skin was
reduced from an initial 35�C down to 30�C and then
remain constant, and the specific power expenditure of
the e-skin was 3.3 mW cm�2 �C�1. However, at the same
power density and wind speed, but with the wind tem-
perature increased to 45�C, the final temperature of the
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e-skin was 33�C, and the specific power expenditure of
the e-skin was up to 7.3 mW cm�2 �C�1. Cooling the e-
skin surface under high temperatures takes more energy
when other factors remain constant.

The cooling function of the e-skin is affected by heat
transmission. High temperature environments and fast
wind speeds enhance heat transmission between the
e-skin and the environment, limiting the cooling effect of
the e-skin. The specific power expenditure is determined
by the degree of heat transmission between the e-skin
surface and the environment. The higher the heat trans-
mission rate, the greater specific power expenditure is
required.

2.4 | Temperature adaptation
performance of hybrid e-skin

The as-fabricated e-skin has been shown to provide
single-purpose thermoregulation in various cold and hot
environments, with a corresponding specific power
expenditure. To realize automatic control of the e-skin
surface temperature, a proportional-integral-derivative
(PID) control system was adopted to achieve feedback
thermoregulation. Human skin temperature varies with
the season and environment, and approximately 31.5–
35.5�C is considered to be a comfortable skin tempera-
ture.37,38 Here, we chose 35�C as the target temperature

FIGURE 3 Thermoregulation of the e-skin in a hot environment. (A) Temperature regulation of human skin and e-skin in a high-

temperature environment; (B) and (C) are the surface temperatures of the e-skin under different input power densities; (D) and (E) are the

surface temperatures and the specific power expenditures of the e-skin under different wind speeds; (F) and (G) are the surface temperatures

and the specific power expenditures of the e-skin under different wind temperatures
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of the e-skin. However, humans have limited energy and
seek an ideal environment based on their personal pre-
ferred temperature.39 This behavior is driven by the goal
to minimize the temperature gradient between the envi-
ronment and the person to reduce the temperature differ-
ence between them. To maintain body temperature, this
strategy enables people to use less metabolic energy. Sim-
ilarly, when the hybrid e-skin is used on a prosthetic limb
or robot, the amount of energy it can store to support
thermoregulation is limited. Here, we define the temper-
ature adaptation capacity as the maximum time the
e-skin can maintain its surface temperature at 35�C when
the power supply is limited, which is related to the power
expenditure and effective time of the e-skin temperature
regulation. At low temperatures, the effective time of the
e-skin can be indefinite. However, as temperature
decreases, the e-skin power expenditure required to regu-
late temperature increases, and the period during which
the e-skin can regulate temperature is shorter when
energy is limited. Therefore, the temperature adaptation
capacity of the e-skin gradually decreases with a decrease
of temperature when the ambient temperature is lower
than the target temperature. In the high temperature
environment, the temperature adaptation of e-skin is
restricted by the heat storage of PCM, causing the effec-
tive period of the e-skin temperature adaptation to

decrease as the ambient temperature increases. As a
result, the higher the ambient temperature, the weaker
the temperature adaptation of the e-skin becomes.

Figure 4 shows the temperature adaptation perfor-
mance of the hybrid e-skin in different environmental
temperatures from 10 to 45�C. The e-skin was initially at
20�C, with a wind speed of 0.5 m s�1. The auxiliary water
was switched on after 5 min to change the air tempera-
ture, and the PID control system switch was turned on at
the same time. The PID control system was turned off
when the surface temperature of the e-skin exceeded the
setpoint value. Figure 4A–C show the temperature adap-
tation process of the as-fabricated hybrid e-skin exposed
to wind temperatures of 10, 25, 40�C, respectively. When
the wind temperature was 10�C, the e-skin surface
temperature quickly rose to 35�C, which is in the human
body's comfort zone, and then sustained this temperature
for a long time. However, the surface temperature of the
prosthesis decreased with a change of the ambient
temperature, ultimately reaching 12.5�C, which signifi-
cantly deviated from a comfortable human body tempera-
ture. Similarly, under a wind temperature of 25�C, the
e-skin maintained the target temperature, but the final
surface temperature of the prosthesis was only 25�C. In a
high temperature environment (40�C), the e-skin under-
went both heating and cooling processes. The surface

FIGURE 4 Temperature adaptation performance of the e-skin. (A) Temperature adaptation of the e-skin at low temperature;

(B) temperature adaptation of the e-skin at room temperature; (C) temperature adaptation of the e-skin at high temperature; (D) effects of

temperature adaptation on artificial limbs; (E) the power expenditure of the e-skin to maintain the surface temperature at 35�C at different

ambient temperatures; (F) the effective time of temperature adaptation under different ambient temperatures
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temperature of the e-skin rose rapidly, and once the e-
skin overall temperature reached 35�C, it initiated sur-
face cooling to maintain the target temperature. The tem-
perature adaptation would ultimately be ineffective if the
heat generated by the hot side exceeded the heat capacity
of the phase change material. The surface temperature of
the prosthesis, on the other hand, increased rapidly as
the ambient temperature rose, exceeding 35�C at 28th
min, and eventually reached 39�C. Figure 4D compares
the temperature adaptation performance with and with-
out regulation. With the power on, the as-fabricated e-
skin displayed thermostatic functioning similar to
humans, with an e-skin surface temperature of 35�C in
the experimental temperature range of 10–45�C. In con-
trast, without power, the hybrid e-skin displayed weak
temperature adaptation, showing a heterothermal-like
surface temperature response proportional to the ambient
temperature. The inset of Figure 4D also shows two infra-
red images of the e-skin in the power-on mode, at tem-
peratures of 20 and 40�C.

Figure 4E shows the power expenditure of the e-skin
required to maintain the surface temperature at 35�C at
various wind temperatures. The power expenditure was
calculated as the average power density of the e-skin for
10 min after the surface temperature stabilized at 35�C.
At 10�C, the power expenditure of the e-skin was
71.32 mW cm�2. The power expenditure gradually decli-
ned as the ambient temperature rose, reaching a mini-
mum power expenditure (14.22 mW cm�2) at 35�C.
Then, as the ambient temperature continued to rise, the
e-skin began to cool, which caused power expenditure s
to gradually rise, reaching 36.91 mW cm�2 at 45�C. This
pattern is analogous to the energy expenditure of behav-
ioral temperature regulation in humans at various ambi-
ent temperatures.39 Homeotherms have a thermoneutral
zone, which is the range of ambient temperatures in
which oxygen consumption is the lowest and does not
vary with ambient temperature. The further the ambient
temperature deviates from the thermoneutral zone, the
higher the expense of maintaining a constant tempera-
ture. The thermoneutral zone of the e-skin is approxi-
mately 35�C. By adjusting the target temperature, heat
dissipation condition, or the heat exchange between the
environment and the e-skin, the energy consumption and
thermal neutral zone of the e-skin can be altered. Under
diverse conditions, the effective time of temperature
adaptation by the e-skin is shown in Figure 4G. The e-
skin only performs heating when the ambient tempera-
ture is equal to or lower than the target temperature and
the heat created can be released into the environment
without impacting the e-skin's thermoregulating func-
tion. Here, the e-skin exhibited thermostatic control for
the duration of the experiment (2 h) and can theoretically

maintain a surface temperature of 35�C indefinitely at
low temperatures. When the ambient temperature is
higher than the target temperature, the heat generated by
the cooling process of the e-skin affects the temperature
adaptation capacity of the e-skin. Nonetheless, under a
wind temperature of 40�C, the hybrid e-skin was well
regulated for 1.5 h, indicating good surface temperature
adaptation.

Finally, we investigated the temperature adaptation
performance of the as-fabricated hybrid e-skin in a sce-
nario mimicking a person quickly moving between inside
and outside temperatures (room-inside and room-outside)
on a hot summer day. Here, we also used our wind chan-
nel to simulate the switching scenario, as shown in
Figure 5. First, we kept the e-skin at the room-inside tem-
perature (22�C) for 1 h. Next, hot air flow was used to heat
the environment to the room-outside temperature (42�C).
The skin quickly switched from cold-environment regula-
tion to hot-environment regulation within 1 min under
control of the PID feedback circuit. The temperature of
the e-skin surface was then maintained consistently at
35�C. After 1 h in the room-outside temperature (42�C),
cold air flow was used to return to the room-inside tem-
perature (22�C). The as-fabricated hybrid e-skin also per-
formed well in the reverse direction, showing rapid
temperature adaptation within 1 min. This suggests that
the as-fabricated e-skin with a hybrid flexible thermoelec-
tric device and phase change material heat sink is a prom-
ising solution to mimic the temperature adaptation
capability of human skin. Figure S2 depicts the tempera-
ture adaptation of e-skin in a windless environment. In a
windless setting, the e-skin has a weaker heat exchange
with the environment than in a windy environment,

FIGURE 5 The hybrid e-skin maintained agile temperature

regulation in a test of cycling low- and high-temperature

environments.
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hence temperature adaptability is improved. The power
expenditure of maintaining 35�C in room temperature
environment is lower (33.31 mW cm�2), and the effective
time of maintaining 35�C in high temperature environ-
ment is longer (70 min).

3 | CONCLUSION

In this study, we developed a hybrid e-skin based on a
thermoelectric device and phase change material heat
sink, which provided controllable temperature adaptation
in complex temperature environments and can be used to
regulate the temperature of prosthetic limbs, thereby
improving the experience of the wearer. The design of
thermoelectric units and island-bridge circuits improved
the flexibility of the e-skin, while the presence of paraffin
wax provided a storage pool for the heat generated by the
thermoelectric device. The specific power expenditure of
the e-skin for heating and cooling under different environ-
mental conditions was studied. In the case of wind speed
of 0.5 m s�1 and wind temperature of 10�C, the specific
power expenditure of the e-skin is 8.53 mW cm�2 �C�1; in
the case of wind speed of 0.5 m s�1 and wind temperature
of 45�C, the specific power expenditure of the e-skin is
7.3 mW cm�2 �C�1. The e-skin also imitated the thermo-
static function of human skin, demonstrating the ability to
maintain a comfortable surface temperature of 35�C over
a wide ambient temperature range of 10–45�C. Its power
expenditure was similar to that of the human body under
different conditions. The power expenditure was larger
when the environment deviated from the thermoneutral
zone (71.32 mW cm�2 at an ambient temperature of
10�C), and the power expenditure reached a minimum in
the thermoneutral zone (14.22 mW cm�2 at an ambient
temperature of 35�C). The surface temperature of the
e-skin was maintained at the target temperature for 2 h
when the target was greater than the ambient tempera-
ture. While the ambient temperature was higher than the
target temperature, the maintenance time was limited by
the heat capacity of the phase change material, but the e-
skin was still able to maintain the surface temperature at
35�C for nearly 1.5 h in a temperature of 40�C, 0.75 h even
in 45�C, an extremely hot environment. Our hybrid e-skin
also have a quick response in a scenario mimicking a per-
son quickly moving between inside and outside tempera-
tures (room-inside, 22�C and room-outside 42�C) on a hot
summer. The e-skin had an effective temperature regula-
tion capability and offered a novel option for the future
generation of intelligent prosthetic temperature simula-
tion, which was critical for improving the quality of life
for amputees and for furthering bionic research of robots.

4 | EXPERIMENTAL SECTION

4.1 | Fabrication of the flexible
thermoelectric device

The flexible thermoelectric device was used to manage
the surface temperature of the e-skin in an active and
bidirectional manner. The core of the flexible thermoelec-
tric device is a flexible circuit. Flexible copper electrodes
with a thickness of 100 μm were fabricated on a polyi-
mide substrate by an electroplating process, and then the
substrate, which did not cover the electrode, was
removed by laser cutting. The devices were made using
commercially sourced, 1.5 � 1.5 � 1.6 mm sized p-type
Bi0.39Sb1.61Te3.03 legs and n-type Bi1.95Te2.8Se0.2 legs
(Guangdong Fuxin Technology Co., Ltd. The related
properties of thermoelectric materials are shown in
Tables S1 and S2 of Supporting Information.). Two pairs
of P and N thermoelectric legs were alternately welded
on the copper electrode to create a thermoelectric unit,
which was then connected with a flexible circuit
(Figure S3A). The flexible circuit was placed on the same
side of the thermoelectric device, allowing it to bend in
both directions to satisfy its application requirements on
prosthetic surfaces.

4.2 | Fabrication of the PCM heat sink

Paraffin is a suitable phase change material because it
can absorb a large amount of heat while remaining stable
around the phase change point. However, paraffin wax
has a low thermal conductivity, which limits its heat
absorption ability. Furthermore, due to irregular cooling
speeds, paraffin wax will distort during the heating and
cooling process. As a result, a frame with a high thermal
conductivity was required to encapsulate the paraffin
material. Porous foam is the appropriate construction
material for a high thermal conductivity framework
because of its flexibility and customizable porosity.40–43

Therefore, paraffin with a phase transition temperature
of 37�C (Hangzhou RuhrTech Co., Ltd.) and commercial
heat conductive potting adhesive with a thermal conduc-
tivity of 2 W mK�1 were used to manufacture the PCM
heat sink. Figure S3B depicts the flow diagram of the heat
storage module fabrication process. An inverted mold of
white sugar was used to create a foam structure from the
potting sealant. This produced a foam structure with high
thermal conductivity and porosity up to 65%. The PCM
heat sink was completed when the paraffin melted into
the thermal foam around body temperature at the phase
transition point.

ZHANG ET AL. 9 of 11
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4.3 | Encapsulation of thermoregulating
e-skin

The two modules were enclosed after being fabricated. To
inhibit any undesired bypass heat transmission from the
hot side to the cold side during the operation of the ther-
moelectric device, the flexible thermoelectric device was
packed with low thermal conductivity aerogel/PDMS
composites. For faster heat transfer, the flexible thermo-
electric device and PCM heat sink were encapsulated with
the heat conductive potting adhesive. The effective size of
the temperature-controlled e-skin was approximately
67 � 48 � 4 mm.
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