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THERMOREGULATION

Self-sustaining personal all-day thermoregulatory

clothing using only sunlight

Ziyuan Wang't, Yiwen Bo?, Peijia Bai?, Shuchao Zhang!, Guanghui Lit, Xiangjian Wan®,

Yongsheng Liu**, Rujun Ma?*, Yongsheng Chen'*

The human body must stay within a certain temperature range for comfort and safety. However,
challenges for thermoregulatory clothing exist for harsh application scenarios, such as full day/night
cycles, frigid polar regions, and space travel. We developed a flexible and sustainable personal
thermoregulatory clothing system by integrating a flexible organic photovoltaic (OPV) module to directly
acquire energy from sunlight and bidirectional electrocaloric (EC) devices. The flexible OPV-EC
thermoregulatory clothing (OETC) can extend the human thermal comfort zone from 22°-28°C to
12.5°-37.6°C with a fast thermoregulation rate. The low energy consumption and high efficiency of
the EC device allows for 24 hours of controllable and dual-mode thermoregulation with 12 hours of sunlight
energy input. This self-powered wearable thermoregulatory platform has a simple structure, compact
design, high efficiency, and strong self-adaptability with sunlight as the sole energy source.

lothing plays an indispensable role in

regulating body heat for preserving the

thermal comfort of our body in daily life

(2). One of the most common scenarios

is to maintain body temperature within
a safe range in situations of fluctuating and
sometimes rapid changes in environmental
temperature, for instance, walking from a com-
fortable indoor environment (~25°C) to a hot
(>36°C) or cold (<15°C) outdoor environment.
Without the ability to quickly adapt to such
fast-changing environmental temperatures and
cool down or warm up, people may become
uncomfortable or sick and may even die (2).
The more challenging scenarios are to keep
our bodies in a comfortable temperature range
(skin temperature) in harsh environments, such
as frigid polar regions or space travel (which is
extremely hot in sunlight but extremely cold
in the dark). Therefore, wearable thermoreg-
ulatory clothing, capable of keeping the hu-
man body in a comfortable temperature range
(skin temperature), as a spacesuit does, has
been a long-sought but challenging goal for
smart clothing systems.

Indeed, many thermoregulatory systems have
been developed, which can be broadly classi-
fied into passive and active systems. Passive
thermoregulatory systems include radiative ther-
moregulatory systems (3-8), phase-change
thermoregulatory systems (9, 10), and adsorp-
tion thermoregulatory systems (71, 12). However,
most systems powered by solar energy with
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self-sustainability can achieve only one-way
thermoregulation (3-5, 8). The systems that
have bidirectional thermoregulation need to
improve their efficiencies, response speeds and
tunable temperature ranges (skin temperature)
(6, 7, 13-15).

Active thermoregulatory systems allow for
rapid cooling or warming of the human body.
In general, cooling vests are based on coolant
circulation or water/ice fluidic channels that
allow for wearable thermoregulation; however,
these systems require large and complex me-
chanical compressors (16, 17). Although some
excellent solid-state active thermoregulatory
systems have been developed and the need for
compressors and traditional liquid or vapor
refrigerants could be eliminated, they still bear
some substantial limits. For example, although
the Joule effect heater is effective in heating
with a controlled temperature, the high power
consumption and lack of cooling capability
strongly limit its application (Z8-20). The thermo-
regulatory systems based on magnetocaloric
(21, 22) and elastocaloric effects (23, 24) require
a large magnetic field and high mechanical
load to realize good thermal-management ef-
fect, respectively, and thus have limited wear-
ability. Thermoelectric (TE) thermoregulatory
devices (25-28) based on the Peltier effect have
found various applications. However, these de-
vices generally exhibit low efficiency because
of their high energy consumption. In particular,
they all need extra energy input and cannot
be kept working for a long period of time with-
out additional energy. Although battery-based
thermoregulatory systems can achieve good
thermal-management performance in a short
period of time, their limited energy supply can-
not provide all-day and sustained thermoreg-
ulation for the human body (25, 27).

Therefore, developing an all-day, self-powered,
bidirectional thermoregulatory clothing sys-
tem capable of rapidly responding to various
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changes and keeping the human body in a ¢...-
fortable temperature zone remains a challenging
goal (29). The systems must harvest energy to
achieve all-day thermoregulation. One of the more
obvious sources of sustainable energy source is
sunlight, which can be collected anywhere in
open space. Indeed, solar cells, including an or-
ganic photovoltaic (OPV) cell, have evolved sub-
stantially (30), and the state-of-the-art OPV cell
with a size of 4 mm?® has a power conversion
efficiency (PCE) of >20% (3I). Simultaneously,
flexible and high-performance OPV cells with
PCEs >17% (32) have been demonstrated, which
can be integrated into clothing to collect solar
energy (33, 34).

To achieve the required sustainability and
flexibility as well as light weight, the thermal-
management unit for the body must be highly
efficient in transferring energy and have a low
energy consumption. Therefore, we selected
recently developed electrocaloric (EC) devices,
which have high efficiency, low energy con-
sumption, and bidirectional thermoregulatory
properties and are pollution free (35-38). For
example, one flexible EC thermoregulatory de-
vice has a very low energy cost, could reach a
coefficient of performance of 13, and has a
specific cooling power of 2.8 W/g (35).

We choose a flexible OPV module powered
by sunlight and a high-efficiency heat transfer
EC device as the two main units to fabricate a
self-sustained thermoregulatory clothing sys-
tem. We aim to power it only by solar energy
with the capability of all-day (24 hours) cycling
between hot/light and cold/dark environments.
Our flexible OPV-EC thermoregulatory cloth-
ing (OETC) system exhibits highly efficient and
fast performance in both cooling and warming
modes as needed. Moreover, it can extend the
thermal comfort zone by 19.1 K (from 6.0 to
25.1 K) and reach intelligent and controllable
all-day dual-mode thermoregulation for the hu-
man body as needed. With the combination
of these features, the human body wearing our
OETC system can quickly adapt, as needed, to
the changes of environmental temperature dur-
ing outdoor activities and even possibly in such
as harsh environments as polar regions or per-
sonal space travel.

Results and discussion

We fabricated a large flexible OPV module
(39, 40) with a thickness of only 180 um for the
sunlight energy-collecting unit in our OETC
system (41). The entire flexible OPV module with
an effective area of 25.2 cm? could provide a total
voltage of 5.75 V and PCE of 11.85% under stan-
dard air mass 15 global (AM 15G, 100 mW/cm?)
(figs. S1 to S3 and table S1).

For the thermoregulatory unit in our OETC, we
selected poly(vinylidene fluoride-trifluoroethylene-
chlorofluoroethylene) [P(VDF-TrFE-CFE)], main-
ly because of its large entropy change, large
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adiabatic temperature change near room tem-
perature, and good mechanical flexibility (42).
The EC system based on P(VDF-TrFE-CFE) has
substantial potential for efficient thermoreg-
ulation (35, 36, 43). We fabricated a flexible EC
thermoregulatory device following Ma et al.
(35, 44) (fig. S4). Noticeably, our flexible EC de-
vice exhibits the same thermal-management
performance as the rigid one (figs. S5 and S6).

With these two flexible units ready, we in-
tegrated them together for the OETC system
(fig. S7). In sunlight, the OPV module efficient-
ly converts solar energy into electrical ener-
gy to drive the EC device directly to provide a
cooling effect (Fig. 1). The excess energy can
be stored in a simple attached energy stor-
age system (ESS) (fig. S8) because of the low
energy consumption of the EC device, as dis-
cussed below. The power provided by the OPV
is sufficient to power the entire OETC system
(see fig. S8 for details). Therefore, in the dark,
our OETC system can use the stored energy
provided by the ESS to maintain body tem-
perature when the environment is cold and
thus achieve a full day (day/night) of operation.
The cooling mode and warming mode can be
switched as desired at any time to achieve
individual thermal comfort.

Working mechanism of the OETC system
in cooling/warming mode

We show a photograph of the flexible OETC
thermoregulation system assembled by one
OPV module and two EC units (Fig. 2A). This
compact assembly mode can provide effective
cooling/warming for the human body as needed.
The working mechanism of the OETC system
for the cooling mode (Fig. 2B) is the same as
that powered by the electric supply (37), but in
our system, we power it directly by the electricity
generated by the OPV module (see fig. S9 for
details). The cooling mode includes the fol-
lowing steps (35): (i) electrostatic actuation of
the EC polymer stack toward the top flexible
heat transfer layer (as a heat sink with large
heat capacity) (fig. S10); (ii) the EC polymer
stack is heated up by applying an electric field
on the EC polymer stack, and thus, heat trans-
fers from the EC polymer stack to the flexible
heat transfer layer [Fig. 2B, (1)]; (iii) electrostatic
actuation of the EC polymer stack toward the
bottom human skin (as a heat source); (iv) the
EC polymer stack is cooled down by removing
the electric field, and thus, heat transfers from
the human skin to the EC polymer stack to
realize one cycle of skin cooling [Fig. 2B, (2)].
For the warming mode, warming is achieved
by changing the heat transfer to the opposite
direction by changing the sequence of the
four steps described above, which is realized
by simply adjusting the phase of square-wave
voltage. Correspondingly, the warming mode
has similar steps to the cooling mode but with
the opposite heat transfer effect: (i) electrostatic
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actuation of the EC polymer stack toward the
bottom human skin that needs to be warmed
up; (ii) the EC polymer stack is heated up by
applying an electric field on the EC polymer
stack, and thus, heat transfers from the EC
polymer stack to the human skin (as a heat
sink) [Fig. 2B, (3)]; (iii) electrostatic actua-
tion of the EC polymer stack toward the top
flexible heat transfer layer (as a heat source);
(iv) the EC polymer stack is cooled down by
removing the electric field, and thus, heat trans-
fers from the flexible heat transfer layer to the
EC polymer stack to finish one cycle of skin
warming [Fig. 2B, (4)]. With these two work-
ing modes, bidirectional controllable thermo-
regulation for cooling and warming can be
implemented as needed.

Electrostatic actuation is a simple and fast
method to control the heat transport speed by
adjusting the working frequency of the EC de-
vice (35-37, 43). We compared the temperature
span of the OETC system at different frequencies
under the standard AM 1.5G (100 mW/cm?) by a
solar simulator (fig. S11). Although the OETC
system can operate at higher frequencies, the
frequency of the OETC system that gives a
maximum temperature span of 2.9 K is 0.75 Hz
(one complete cycle takes ~1.33 s), in part be-
cause of the time needed to transfer the heat
from EC stack to human skin and flexible heat
transfer layer.

Temperature span of the OETC system
in different working scenarios

The temperature span of our OETC thermo-
regulation can also be easily adjusted by the
illumination intensity. With the increase of il-
lumination intensity, the flexible OPV module
can reach higher voltage (power), and thus,
the input voltage of the EC device increases
(fig. S12), which results in a higher thermo-
regulatory performance of the OETC system.

In sunhghtg_

(Hot)

We measured the temperature difference (A7,
difference between real-time temperature and
initial temperature) of the OETC system under
different illumination intensities of 55 (fig. S13),
70, and 100 mW/cm? irradiation using a solar
simulator at a frequency of 0.75 Hz (Fig. 2C). The
OETC system works well at different illumination
intensities, and the maximum temperature span
can reach 2.9 K when the illumination inten-
sity is standard AM 1.5G sunlight (100 mW/cm?).
Furthermore, the outdoor thermoregulation
performance of our OETC system was also dem-
onstrated by direct solar radiation under clear
sky conditions from 9:00 to 16:00 in Tianjin,
China (3 August 2022) (fig. S14). Although the
intensity of outdoor sunlight varies consider-
ably with time, our OETC system still shows
good and stable thermal-management ability
at different illumination intensities. When the
outdoor sunlight intensity is the same as the
simulated illumination intensity, the OETC sys-
tem exhibits almost the same thermal manage-
ment (Fig. 2C and fig. S14B). The whole process
runs without external energy sources and re-
alizes self-powered thermoregulation with zero
energy consumption.

Although an outside electric supply was pre-
viously required to power the EC device to achieve
the effective thermal management reported in
the literature (35-37, 43), we demonstrated that
the EC device can instead be powered directly
on site by an integrated flexible OPV module.
The integrated device shows the same outstand-
ing performance, including the same temper-
ature difference (A7) at the same electric field
(Fig. 2D).

Excellent sustainable performance of the
OETC system

‘We compared the thermoregulatory perform-
ance of the commercial rigid TE device of
the same size as the EC device powered by a

Voltage control system

Thermoregulatlon as demanded to achieve individual thermal comfort

N—

e

Fig. 1. Working schema when wearing our flexible OETC to achieve individual thermal comfort in a
cycle between hot (in sunlight) and cold (in dark) environments as demanded.
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flexible OPV module under an illumination in-
tensity of 100 mW/cm? (Fig. 2E and fig. S15).
The temperature span (Fig. 2E) and heat flux
(figs. S15C and S16) of our OETC system are
2.9 K and 28.76 mW/cm?, respectively, whereas
the OPV-TE system shows only the temperature
span of 1.2 K (Fig. 2E and fig. S15B) and heat flux
of 16.79 mW/cm? (fig. S15C), respectively, under
the same illumination intensity of 100 mW/cm?>.
In addition, we also compared the thermoreg-
ulatory performance of the perovskite photo-
voltaic module with a similar size to that of the
EC device powered by an OPV module under
the illumination intensity of 100 mW/cm? (fig.
S17). Compared with the thermal-management
performance of the EC device powered by OPV
module in Fig. 2C, the EC device powered by
the perovskite solar module (fig. S17) displayed
almost same results. Meanwhile, we calculated
the power consumption of the EC device un-
der different illumination intensities (fig. S18).
Under the illumination intensity of 100 mW/cm?,
the average power consumption of the EC de-
vice is only 1.91 mW/cm? at 0.75 Hz because of
its low energy consumption. Considering that
the PCE of our OPV module (with an active
area of 25.2 cm?) is 11.85% under standard AM
1.5G (100 mW/cm?) and the energy consump-
tion of the EC device (with an active area of
8 cm?) is only 15.28 mW (1.91 mW/cm? x 8 em? =
15.28 mW), a simple estimate indicates that
the total generated electricity is 298.58 mW
(100 mW/cm?® x 11.85% x 25.2 cm? = 298.58 mW).
Thus, we benefit from the low energy consump-
tion (15.28 mW) of the EC device, with 283.30 mW
(298.58 mW - 15.28 mW = 283.30 mW) of sur-
plus energy that could be stored under ideal
conditions (figs. S8 and S19). The surplus en-
ergy stored in the ESS could be automati-
cally switched to power the entire system at
night with no extra energy input to realize a
full day/night thermoregulatory cycle (fig. S20).
Moreover, it is worthwhile to note that energy
recovery is also possible during the depolar-
ization process of the EC effect (43), which
thus further improves the efficiency of our
OETC system.

Performance of an OPV-EC array

The EC devices have good array cooperativity,
and one single OPV module with an active area
of 25.2 em? has sufficient power to simulta-
neously drive two parallel arrays of EC devices
with an active area of 16 cm?. For example,
under standard AM 1.5G (100 mW/cm?), the
two EC parallel devices could be synchronized
completely, and both could reach a temper-
ature span of 2.9 K, which demonstrates their
bidirectional thermoregulatory performance
(Fig. 2F). To further extend its application in
wearable thermoregulation, we evaluated the
performance of four parallel EC arrays driven
by one OPV module under an illumination in-
tensity of 100 mW/cm? (fig. S21). Four parallel
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Fig. 2. Performance of the flexible OETC system. (A) Photograph of an OETC system assembled by an OPV
module and two EC units. (B) Working mechanism of the OETC system in cooling/warming mode, respectively.
The cooling/warming mode can be easily switched by the control unit when moving from a thermal comfort
environment into a hot/cold environment. Res, the relay for controlling the electrostatic actuation. (C) Temperature
span of the OETC system under different illumination intensities (70 and 100 mW/cm?) in cooling/warming mode at
0.75 Hz. (D) Comparison of AT of the EC thermoregulation device driven by OPV module and electric supply
under different electric fields. (E) Comparison of temperature span of EC and TE thermoregulation

devices with the same size (active area of 8 cm?) driven by the same OPV module under an illumination
intensity of 100 mW/cm?. (F) Temperature span of two EC parallel array devices (active area of 16 cm?) driven
simultaneously by one OPV module (active area of 25.2 cm?) under an illumination intensity of 100 mW/cm?.

EC arrays can simultaneously achieve bidirec-
tional controllable thermoregulation (movie
S1). This indicates that our OETC system has
good scalability required for the practical wear-
able thermoregulation.

Thermoregulatory performance of OETC
on the human body

To demonstrate the wearability of the OETC
for meeting the flexible needs of human body
thermoregulation, we measured the stability of
OETC cooling and warming mode performance
in the bending state (Fig. 3A and fig. S22).
During the bending measurement, the system
is illuminated with a 100 mW/cm? light at the
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bottom, and the surface temperature is mea-
sured by an infrared camera at the top (movie
S2). Our OETC reaches its maximum and stable
thermoregulation performance when it starts
to operate at 0.75 Hz for 10 s. The initial state of
the OETC is flat, and the radius of curvature
(k) of OETCis 0 m . Then, the OETC system is
bent at a uniform rate of 0.12m s toreach a
maximum curvature of 3.6 m ", followed by the
same rate of bending release until the curvature
of the OETC returns to 0 m . During the op-
eration, we observed negligible change in its
thermoregulatory performance in the flat, bent,
and released states of the OETC, which dem-
onstrates excellent flexibility.
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(100 mW/cm?), the
human skin temperature
can be maintained in the

thermal comfort temperature range of 32.0° to 36.0°C (skin temperature),

even though the environmental temperature changes

When the illumination intensity is lower than 100 mW/cm? (75 or 90 mW/cm?),
our OETC system still has bidirectional thermoregulation performance.
(E) Thermal comfort zone of bare human skin and human skin with OETC

We further applied the flexible OETC to hu-
man skin for thermoregulation. We show the
experimental setup of the flexible OETC ther-
mal measurement on the human skin (Fig. 3B)
and the thermoregulation of a human hand in
OETC cooling mode (Fig. 3C). We monitored the
whole process with an infrared camera detector
under an illumination intensity of 100 mW/cm?
at an environmental temperature of 26°C. Our
OETC cooled the human skin from 36.8° to 31.7°C
at an average rate of 6.1°C/min to achieve fast
thermoregulation (Fig. 3C).

The human body must remain within a cer-
tain temperature range (skin temperature)
for a comfortable and safe existence, but this
range varies individually (45-47). We set a
comfort range on the basis of observed hu-
man skin temperatures between 32° and 36°C
(46), which requires an environmental temper-
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Self-adapfed

between 12.5° and 37.6°C.

ature range between 22° and 28°C (thus, the
thermal comfort zone of bare human skin is
6.0 K in our measurement) (Fig. 3D).

We measured the thermoregulation per-
formance on human skin directly, with the
human hand temperature starting at 34.0°C
and a corresponding environmental tempera-
ture of 25.0°C (the middle point of the comfort
zone). Under standard AM 1.5G (100 mW/cm?),
when moving the skin into a low-temperature
environment (12.5°C), the skin temperature
drops t0 29.2°C and the OETC warming mode
starts working, which raises the skin temper-
ature up to the thermal comfort temperature
of 32.0°C (Fig. 3D). Correspondingly, when
moving the skin into a higher-temperature
environment of 37.6°C, the skin tempera-
ture rises to 38.3°C. The OETC cooling mode

turns on, which brings the skin temperature

15 December 2023

‘Bidirectional
thermoregulation

dual working mode. (F) Comparison of the net power, thermal comfort zone
expansion, cooling capability for skin, bidirectional thermoregulation, and
self-adaptability of the OETC with related representative works reported in
the literature (1, 4, 5, 45, 46). The definitions of Cu-PE, TiO,/PLA/PTFE, NFM,
Janus film, and NanoPE are given in the supplementary text.

down to the thermal comfort temperature
of 36.0°C.

As a result, our OETC maintains human skin
temperature within a thermal comfort zone
between 32.0°C and 36.0°C, even though the
environmental temperature varies between
12.5° and 37.6°C. Compared with bare human
skin (thermal comfort zone of 6 K), our OETC
extends the thermal comfort zone of the skin
by 19.1 K (Fig. 3E) for this module size and
illumination intensity. In addition, skin can be
warmed at a maximum rate of 15.6°C/min or
cooled at a maximum rate of 14.0°C/min in
the first 5 s to achieve fast thermoregulation.
When the illumination intensity is lower than
100 mW/cm? (75 or 90 mW/cm?), our OETC
system still has bidirectional thermoregula-
tion performance. Under an illumination in-
tensity of 90 mW/cm?, the OETC warming
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Fig. 4. The thermoregulation A

performance of OETC compared
with cotton clothing and pros-
pect of personal space travel.

(A) Temperature changes of bare
artificial skin, skin wearing cotton
clothing, and skin wearing OETC in
the sunlight of 100 mW/cm? at a
26°C environment temperature
and in the dark at a 0°C environment
temperature, respectively. The
initial temperature of the artificial

50 1
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(B) Photograph of the OETC worn on the human body for the prospect of personal space travel.

mode can raise the skin temperature from 29.4°
to 31.3°C, whereas the OETC cooling mode
could lower the skin temperature from 38.3°
to 36.5°C. These temperatures fall only slightly
outside the thermal comfort zone. When the
illumination intensity is 75 mW/cm?, the OETC
system still can bidirectionally thermoregulate
the skin from 29.4° to 30.8°C in warming mode
and from 38.3° to 37.2°C in cooling mode. Fur-
thermore, we also evaluate the thermoreg-
ulation performance of OETC on artificial skin
at 100 mW/cm? under different environmen-
tal temperatures (fig. S23). The thermal com-
fort zone of bare artificial skin is from 23° to
27°C (4.0 K) (46); OETC extends the thermal
comfort zone of the artificial skin by 16.6 K
(fig. S23A). Although OETC cannot restore
the temperature of artificial skin to the ther-
mal comfort zone in a harsher environment,
it still has good thermoregulation performance
(fig. S23B). Improvements in the thermal com-
fort zone can be made with performance or
efficiency improvements in the OPV or EC
units. Alternatively, the relative ratios and
sizes of the OPV and EC units could be further
optimized.

‘We summarize the net heat transport capac-
ity, thermal comfort zone expansion, skin cool-
ing rate, bidirectional thermoregulation, and
self-adaptability of our OETC compared with
related representative works reported in the
literature (Fig. 3F) (I, 4, 5, 45, 46). By bene-
fiting from the efficient net heat transport
capacity of 27.89 mW/cm? (fig. S16), our OETC
can extend the human thermal comfort zone by
19.1 K. Moreover, the OETC system can effec-
tively cool the human skin at an average rate
of 6.1°C/min to achieve fast thermoregulation.
By benefiting from the low energy consump-
tion of the EC device, the OETC system could
operate a full 24 hours with 12 hours of sun-
light energy input (fig. S18). Thus, the combined
characteristics of our personal thermoreg-
ution system, such as controllable, all-day
dual mode and notable thermoregulation per-
formance, could make it possible for indi-
viduals to stay more comfortable in harsh
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environments while using only sunlight as
the energy source.

Thermoregulation performance of OETC in the
outdoors and the prospect for use in space

We measured and compared the temperature
changes of bare artificial skin, skin covered with
cotton clothing, and skin covered with an OETC
(Fig. 4A) in sunlight of 100 mW/cm? at 26.0°C
environmental temperature and in the dark at
0°C environmental temperature, respectively.
Under an illumination intensity of standard AM
15G (100 mW/cm?) at 26.0°C environmental tem-
perature, the temperature of bare skin and skin
covered with cotton clothing can be raised from
34.0°C up to 50.9° and 48.4°C, respectively. Never-
theless, the temperature of the artificial skin cov-
ered with an OETC is only 40.8°C. The maximum
cooling capacity reaches 10.1 K (calculated by the
temperature difference between bare artificial
skin and artificial skin covered with an OETC in
cooling mode after 570 s exposed to an illumi-
nation intensity of 100 mW/cm? in a 26.0°C en-
vironmental temperature), which demonstrates
the cooling power of OETC. In addition, OETC
can be driven to warm the skin by using the ESS
in cold night at a 0°C environmental temperature.
The warming performance of artificial skin cov-
ered with an OETC compared with artificial skin
is 3.2 K (calculated by the temperature difference
between bare artificial skin and artificial skin
covered with an OETC in warming mode after
570 s exposed to the 0°C environmental temper-
ature) higher than those of skin covered with
cotton clothing and bare skin, which demonstrates
the excellent warming capacity of OETC.

The bidirectional thermoregulation that uses
solar power could make this device of interest
for integrating into a conventional spacesuit to
help reduce the overall power requirements (Fig.
4B). During individual space travel, the theoret-
ical area of a spacesuit is around 1.85 m? (48). In
space, the magnitude of the solar radiation pres-
sure depends on the solar flux near the surface
of Earth, and a solar constant of 136.7 mW/cm?
is normally used to calculate the solar flux in
1 astronomical unit (49). With continued im-
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provements in solar cell performance, includ-
ing that of the flexible OPV module, if we assume
that a 45% PCE solar cell device is used, we es-
timate that an OPV module to provide all-day
human body thermoregulation will have an
area of only 1.12 m? (50). We believe that this
OETC system could be optimized in the future
in terms of both performance and practicabil-
ity for application in harsher environments.
The temperature span of the EC device can be
increased to improve the thermoregulation per-
formance of our OETC system. First, for the
material side, the double bond-modified P(VDF-
TrFE-CFE) materials could provide a larger tem-
perature change of 7.8 K at 118 MV/m (37). Sec-
ond, the device could be optimized by using a
cascade device to increase the temperature span
of 4.8 K (double-deck) and 8.7 K (four-layer cas-
cade) (38, 45). Lastly, by adding nanofillers to
improve the thermal conductivity of P(VDF-TrFE-
CFE) (51) or by using an active EC regenerator to
further increase the temperature span (52, 53),
the EC performance can be further improved.
Clearly, further studies are needed to develop
a practical product based on the prototype and
concept demonstrated in this work.

Conclusions

‘We developed an advanced self-powered wear-
able thermoregulatory system that integrates
flexible OPV module and EC thermoregula-
tion units together for efficient personalized
thermoregulation. Its active control feature
can be used for fast cooling/warming dual-
mode thermoregulation as needed by the hu-
man body. Moreover, the thermal comfort zone
can be extended from 6.0 to 25.1 K by OETC
with rapid thermoregulation, which can en-
sure the safety and comfort of the human body
in various complex and unstable environments.
By benefiting from the low energy consump-
tion of the EC device, OETC can achieve con-
trollable and all-day dual-mode thermoregulation.
Together with its other outstanding features
such as simple and compact structure, high ef-
ficiency, and strong self-adaptability, with more
optimization, we believe that the OETC could
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demonstrate potential applications in the field
of high-end thermoregulation and even extend
human survivability in harsh environments such
as polar regions and individual space walking.
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Editor’'s summary

Clothing often helps to regulate comfort, but it is normally focused on keeping a person either warmer or cooler.
Wang et al. developed a thermoregulatory clothing system that combines an organic photovoltaic with bidirectional
electrocaloric devices that are capable of heating or cooling (see the Perspective by Huang and Li). Both components
are flexible, which is important for personal thermal regulation applications. The device runs off of sunlight, so no
additional power sources are needed, and it could be useful in a variety of harsh environments. —Brent Grocholski
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