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Sweat-sensitive adaptive warm clothing
Xiaofeng Jiang1†, Xiuqiang Li1†*, Hongbo Zhang1, Zhili Hu1, Siyuan Jia1, Guowen Meng2,  
Po-Chun Hsu3, Wanlin Guo1*, Zhuhua Zhang1*

Thermal regulation in warm clothing is essential for enhancing human comfort in cold environments. However, 
traditional warm clothing lacks the ability to adapt to dynamic changes in the human body’s microenvironment. 
Here, we present an adaptive warm cloth, featuring a filling made of a natural bacterial cellulose membrane that 
responds to human sweating. The cloth’s thickness automatically adjusts from 13 millimeters (under low humid-
ity and no sweating conditions) to 2 millimeters (under high humidity and sweating conditions), expanding the 
thermal regulation capability by 82.8% compared to traditional warm clothing with an unchanged thickness of 
13 millimeters. Modeling results further suggest that deploying this adaptive warm clothing across 20 cities in 
China could extend the duration of the no thermal stress zone by an average of 7.5 hours. Combining excep-
tional thermal regulation, high stability, and scalability, this clothing represents a notable supplement to exist-
ing thermal management technologies.

INTRODUCTION
After a prolonged evolution process, human body has developed in-
trinsic mechanisms to maintain the body temperature within the 
normal range through the regulation of muscular activity, blood cir-
culation, metabolic rate, as well as sweat gland function (1–3). De-
spite these natural adaptations, modern life often requires the use of 
warm clothes for thermal comfort. However, traditional warm clothes 
lack intelligent adaptability needed for responding to unforeseen 
changes in ambient temperature or metabolic heat rates (4–6). This 
limitation increases the risk of heat-related health issues, such as heat 
cramps, heat exhaustion, and neurological disorders (7–9), particu-
larly for individuals in occupations like couriers, sanitation workers, 
and traffic police, who often cannot change their clothes freely. As a 
result, there is a growing need for the development of self-adapting 
warm clothing, which not only can improve personal comfort but 
also holds the potential to reduce energy consumption associated 
with air conditioning systems (10–15), offering benefits for both indi-
viduals and the environment.

To date, various strategies have been proposed to create self-
adapting clothes, including modifications to textile emissivity (16–18) 
and porosity (19–22). While these strategies proved effective in regu-
lating heat flux for cooling cloths, they cannot be applied to warm 
clothing, such as down jackets, which inherently exhibit low heat 
flux due to their high thermal resistance. A promising solution lies 
in modulating the heat conductivity of warm clothing by adjusting 
its thickness. Several studies have explored temperature-driven 
thickness-changing clothes to dynamically regulate heat transfer 
(23, 24), which, however, primarily responds to external environ-
mental temperature changes and exhibits limited sensitivity to changes 
in metabolic heat rates. In contrast, sweat response provides a more 

straightforward and timely reflection of the body’s heat dissipation 
needs. Therefore, it is imperative to develop an innovative strategy 
for achieving sweat-responsive adaptive clothes to enable more ef-
fective thermal regulation.

Herein, we developed sweat-sensitive adaptive warm clothing 
(SAWC) with a unique filling composed of a passive layer and a bac-
terial cellulose (BC) layer responsive to sweat-induced moisture. 
Unlike conventional hygroscopic materials that bend when exposed 
to moisture, such a filling is curled in its naturally occurring state but 
flattens as the moisture level rises. Thus, under the sweating state, the 
SAWC uniquely reduces its thickness to enhance heat dissipation in 
response to increased microenvironmental moisture. This mecha-
nism substantially extends both the thermal regulation capability 
and time, establishing an effective thermal management strategy for 
warm clothing.

RESULTS
As shown in Fig. 1A, the structure of our SAWC is similar to that of 
down jacket, but the down wool is replaced with moisture-responsive 
membranes. The membrane is made of a soft active layer and a rigid 
passive layer. In a dry environment, the length L of the bare side of 
the active layer decreases upon water desorption, forming a strain 
gradient across the membrane that drives it to bend. The bent mem-
brane can hold up the textile to increase air presence in the SAWC, 
enhancing the thermal resistance for improved heat preservation 
(25–27). Conversely, in a humid (sweating) environment, the active 
layer is swelled upon water adsorption, driving the membrane to lift 
the bending. As a result, the membrane flattens to thin the textile for 
efficient heat dissipation (fig. S1). Our thermal circuit analysis (28) 
shows that the heat flux increases from 22.23 to 73.78 W/m2 as the 
thickness h of the SAWC decreases from 13 to 2 mm (Fig. 1B, note S1, 
and fig. S2), demonstrating the unique capability of regulating heat 
transfer for warm clothing.

Note that existing hygroscopic materials [e.g., Nylon (22), Mxene 
(29, 30), graphene (31–33), covalent organic framework (34), metal-
organic framework (35), and Nafion (36)] commonly bend because of 
swelling in response to increased environmental moisture (Fig. 1C). 
Thus, none of these materials can be used for the design of SAWC. 
We selected natural BC as the active layer because it exhibits superior 
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hydrophilicity resulting from abundant oxygen-containing func-
tional groups (fig. S3). The BC layer allows for large-scale fabrica-
tion with cost-effective methods, such as blade coating and spraying. 
Moreover, the BC layer can be elongated up to 3.76% at a relative 
humidity of 95% (fig. S4), much larger than other hygroscopic ma-
terials such as cellulose acetate membrane (~1.3%) (37) and Nylon 
sewing thread (~0.6%) (38). However, the bending of BC layer alone 
was insufficient to withstand the squashing force exerted by the 
wrapped textile (fig. S5). As illustrated in Fig. 1D, combining BC 
with polyethylene terephthalate (PET) yields a standing force of 
1.785 N/m2, twice the minimum (~0.856 N/m2) for supporting tex-
tiles (see calculation details in note S2 and figs. S6 and S7). We 
achieve the desired characteristics of BC/PET membrane that bends 
at low humidity and flattens at high humidity (Fig. 1C) by adjusting 
the surrounding humidity (fig. S8).

The membrane was fabricated using blade coating and ultraviolet 
curable techniques, as depicted in Fig. 2A. The well-developed pro-
duction method enables mass production of the membrane (Fig. 2B). 
Then, the moisture-responsive performance of membranes was eval-
uated (Fig. 2C and fig. S9). The results demonstrate that the stable 
bending angle θs decreases with increasing thickness of BC and PET 
layers. The bending angle θ is defined as the angle between the mem-
brane’s final state, induced by moisture, and the horizontal direction, 
as shown in fig. S5. Furthermore, it was observed that BC10-PET20 
(419.3°, where “10” and “20” represent membrane thicknesses of 10 
and 20 μm for BC and PET, respectively) exhibited excessively large 
θs at a relative humidity of 20%, making it difficult to flatten textiles 
later, whereas BC10-PET40 exhibited a too small θs (69.72°) to hold 

up textiles. By contrast, the BC10-PET30 with θs = 191.72° is ideal. 
As the relative humidity increases from 20 to 95%, θs gradually de-
creases without any visible reverse bending due to the maximal elon-
gation reached by the BC layer. This unique property effectively 
prevents textile thickness reversal at high humidity levels, thereby 
ensuring the robustness of SAWC thermal regulation.

Taking the optimized BC10-PET30 as the model system, the evo-
lution of bending angle over time at different relative humidities was 
measured. When the membrane is transferred from a high-humidity 
(relative humidity of 95%) to a low-humidity environment (20, 40, 
60, and 80%), the bending angle gradually increases to saturated val-
ues (Fig. 2D). Conversely, when the membrane is transferred from 
a low-humidity environment (relative humidity of 20%) to a high-
humidity one (40, 60, 80, and 95%), the bending angle decreases 
over time to the correspondingly saturated value (fig. S10). These 
properties enable continuous thickness tuning in response to chang-
es in humidity. To assess the temporal stability of this membrane, we 
record the stable bending angle over a duration of 12 hours at varied 
humidity levels ranging from 20 to 95%, demonstrating excellent 
durability of the membrane (Fig. 2D, right part). Moreover, this 
membrane also exhibits exceptional cycling stability without any 
change in the stable bending angle after 200 cycles (Fig. 2E). These 
remarkable properties render a capability of continuous and stable 
thickness (or thermal) tuning for the SAWC.

To evaluate device performance, we fabricated a 5 cm–by–5 cm 
unit and conducted a systematic optimization of the shape and size 
of the membrane as well as the lining structure. First, we performed 
theoretical analysis to optimize membrane shape (refer to note S2 

Fig. 1. Concept and mechanism of the SAWC. (A) Working rationale of the SAWC. (B) Heat flux q of the SAWC as function of thickness h; h is defined in the inset. The 
regions I to III represent the summer (Sum.; left), spring and autumn (Spr. Aut.; middle), and winter textiles (Win; right), respectively. (C) A comparison of normalized thick-
ness (hnormal) between our membranes and reported hygroscopic materials under different relative humidity (RH). The background color from white to green represents 
the environmental state from dry to humid. The normalization is based on h of our membrane at a relative humidity of 20%. (D) Optimization of material parameters of 
the membrane by modeling. EA, the elastic modulus of the active layer; hA, the thickness of the active layer; and wt, the residual thickness of the membrane, as defined in 
the inset. The dashed line marks the threshold force required to support the textile.
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and fig. S6 for details). The residual thickness of the membrane with-
in the pocket, denoted as wt, represents the actual textile thickness 
under a balance with squashing from the textile. To identify the op-
timal shapes of membranes for maximizing the residual thickness, 
square, hexagon, circle, and rhombus shapes were examined by a 
continuum model analysis (Fig. 3A). The results revealed that, com-
pared to other shapes, round membranes exhibited a notably larger 
residual thickness because it has a larger bending stiffness and expe-
riences a smaller bending moment from textile, due to a larger width 
near the axis around which the membrane exhibits greater resistance 
to compression-induced flattening than those of hexagon and rhom-
bus and a smaller width near the tips than square, rendering them 
the best choice for the SAWC design. These results are consistent 
with our experimental measurements shown in Fig. 3A. Second, as 
shown in Fig. 3B, the size of the round membrane was optimized, in 
terms of its diameter d (d = 3 or 4 cm). The result shows that the unit 
with a membrane of d = 4 cm is thicker than the one with d = 3 cm 
when swelling. Thus, d = 4 cm was adopted for the following study. 
Last, to enhance moisture-responsive time, round pores were intro-
duced into the lining. The results demonstrate that as the pore size 
increases, there is a monotonic decrease in response time required 

for humidity change within the pocket (Fig. 3C). However, exces-
sively large pore size or porosity leads to a decline in tensile strength 
(fig. S11). The lining with a moderate pore size of 5 mm in diameter 
was chosen.

The responsive performance of the optimized unit in various en-
vironments was measured (Fig. 3D). The results illustrate a gradual 
decrease in unit thickness to reach a stable value over time as the 
relative humidity increases from 20 to 95%. During this transition, 
the thickness decreases from 13.2 to 2.8 mm within 5 min (deter-
mined by reaching 95% of total transformation). Conversely, de-
creasing the relative humidity from 95 to 20% gradually increases 
the thickness back to its stable value, from 3.5 to 11.9 mm within 
5 min. The unit demonstrated remarkable temporal stability across 
different relative humidities (Fig. 3E). In addition, after undergoing 
200 cycles, the unit exhibited negligible changes in thickness at both 
relative humidities of 20 and 95%, indicating excellent cycling sta-
bility (Fig. 3F). The unit operates effectively across diverse environ-
mental conditions, selectively responds to internal sweating (i.e., the 
humidity in the microenvironment between skin and inner side of 
clothes), and ensures appropriate thermal regulation across both 
low- and high-intensity exercise conditions for enhanced comfort 

Fig. 2. Fabrication and characterization of the membrane. (A) The fabrication process of the membrane. UV, ultraviolet. (B) An image of the large-scale membrane. 
(C) A 3D plot of the membrane’s stable bending angle (θs) versus the relative humidity and the thickness of PET. (D) Evolution of the bending angle (θ) of the membrane 
(BC10-PET30) with time at different humidity levels. The two parts separated by a vertical dashed line represent the evolution and steady stages of the bending angle, respec-
tively. (E) Cycling stability of the membrane (BC10-PET30). Insets schematically illustrate membranes at a relative humidity of 20% (top) and 95% (bottom), respectively.
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(figs. S12 to S16 and note S3) (39). The moisture responsiveness of 
16 units (4 × 4 arrays) was further examined, with the configuration 
shown in the inset of fig. S17A. The thickness of such a large-area tex-
tile remains almost the same as that of an individual unit across differ-
ent relative humidities (20, 40, 60, 80, and 95%), indicating superior 
integration characteristics (fig. S17). The transformation processes of 
individual and integrated units at relative humidities of 95 and 20% are 
recorded and can be compared in movies S1 and S2, respectively.

To quantify the thermal regulation capability of the SAWC, we 
designed and constructed a set of thermal testing equipment (22). 
The testing system features a Peltier temperature control feedback 
system comprised of a temperature control unit, testing unit, and 
data recording system (fig. S18). At a steady state, the heat flux sup-
plied by the Peltier device is equivalent to the heating or cooling 
generated by simulated skin with cloth [polymer-coated copper was 

used to simulate human skin because they have similar emissivities; 
(22)], as measured by the heat flux sensor positioned between the 
Peltier device and copper plate (fig. S18, right). To ensure a fair com-
parison, we normalized the heat flux to 1 for bare skin. When mem-
branes are flattened under a relative humidity of 95%, the normalized 
heat flux (qnormal) reaches 0.69 (Fig. 3G). Conversely, when mem-
branes are bent under a relative humidity of 20%, the normalized 
heat flux decreases to 0.40. The normalized heat flux of traditional 
textiles #1 (a commercial polyester shirt, ~1.4 mm thick) and #2 
(a commercial down coat, ~13 mm thick) are 0.71 and 0.35, respec-
tively. Thus, the insulating property of the SAWC is 14.3% lower 
than traditional textiles #2 at low humidity. The SAWC is compara-
ble to traditional textiles #1 in terms of heat dissipation at high hu-
midity, but it has been enhanced by 97.1% compared to traditional 
textiles #2. In other words, the SAWC expands the thermal regulation 

Fig. 3. Optimization and characterization of the SAWC. (A) The influence of the membrane’s shape on its residual thickness. (B) Thickness of a single unit containing 
different round membranes (d = 3 or 4 cm) as a function of relative humidity (inset: the dimensions of the single pocket). (C) Effect of the size of round pores in the lining 
on the response time required for humidity change within the pocket. (D) Time-dependent thickness of a single unit containing a round membrane (d = 4 cm) under 
relative humidities of 20 and 95%. (E and F) The temporal (E) and cycling stability (F) of the single unit under relative humidities of 20 and 95%. Insets show a single unit 
under relative humidities of 20% (top) and 95% (bottom). (G) Normalized heat flux (qnormal) of different types of textiles. Traditional textile (TT) #1, commercial polyester 
shirt (~1.4 mm thick); traditional textile #2, commercial down coat (~13 mm thick). Error bars represent the SD of five independent measurements. (H) Water vapor trans-
mittance (WVT) of the device with/without membrane. (I) Washing stability of the single unit. The thickness of the individual unit at different relative humidities (20 and 
95%) after each washing cycle.
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capability by up to 82.8% compared to traditional textiles #2 (see 
calculation details in note S4). In cold conditions (−1.3°C), the SAWC 
still expands the thermal regulation capability by up to 71% com-
pared to traditional textiles #2, making it a promising material for 
enhanced personal thermoregulation in cold climates (fig. S19). The 
expansion of the thermal regulation capability relative to the tradi-
tional textiles #1 also reaches 38%. Temperature-related tests further 
demonstrate that the SAWC maintains stable body temperature by 
adapting robustly to varying sweating intensities (fig. S20 and note S5). 
Moreover, the presence of membranes does not notably affect the wa-
ter vapor transmission of the textile (Fig. 3H). Washing test was also 
conducted, and each cycle involved a 30-min wash in water. There is 
no noticeable decline in performance even after 20 cycles (Fig. 3I).

As a demo of application, we also fabricated the SAWC by inte-
grating membranes with a commercial down jacket to investigate its 
outdoor performance. The SAWCs in dry and humid states are pre-
sented in Fig. 4A [A (left) and B (left), respectively]. The fifth strip 
(marked “5”) was left empty, while the sixth strip (marked “6”) con-
tained normal down feathers, whereas all other strips were filled 
with our membranes. The thicknesses of the fifth and sixth strips 
remain unchanged regardless of the microenvironment, while the 
thicknesses of other strips (filled with our membranes) decrease 
when changed from a dry state to a humid state. Furthermore, we 
evaluated the response performance of the SAWC during walking 
and cycling activities. The thickness of the SAWC and qnormal values 
for both walking (dry) and cycling (humid) states are recorded in 
Fig. 4 (C and D, respectively). Compared to walking, cycling with 
membranes results in a notable decrease in strip thickness and an 
increase in qnormal, indicating the autonomous regulation of human 
body heat by the SAWC for various real-world scenarios.

Benefiting from the exceptional heat control performance of 
SAWC, the outdoor workers can effectively maintain thermal comfort 
during various activities. To assess the impact of SAWC on outdoor 

workers, we used the RayMan model to calculate the predicted mean 
vote (PMV) thermal indexes by inputting meteorological data (air 
temperature, relative humidity, wind velocity, and global radiation), 
personal data (height, weight, age, and sex), clothing, and activity. 
These parameters collectively characterize the perception of thermal 
conditions and grade physiological stress levels. Detailed calculations 
are provided in note S6.

Based on the physiological stress grades, the PMV scale, ranging 
from −1.5 to 1.5, categorizes thermal stress as follows: −1.5 to −0.5 
indicates slight cold stress, −0.5 to 0.5 represents no thermal stress, and 
0.5 to 1.5 denotes slight heat stress. These ranges define suitable com-
fort zones for outdoor work (40, 41). The comfort time is the cumula-
tive duration within these three zones. For example, we conducted 
research on the comfort duration of sanitation workers wearing warm 
clothing and our self-adjusting wearable cooling devices on different 
dates in Nanjing, China. The results showed that SAWC increased their 
average comfort duration by ~7.1 hours and even up to 13 hours on 
1 February 2024 (Fig. 5A). Moreover, SAWC has proven beneficial for 
various urban occupations including couriers, green workers, electri-
cians, welders, and traffic police (Fig. 5B). While both warm clothing 
and SAWC provide a 24-hour comfort duration for workers (welders 
and traffic police, 1 January 2024), SAWC notably extend the no ther-
mal stress zone by an average of about 4.7 hours. In a comprehensive 
study across 20 cities spanning four climate regions in China, SAWC 
exhibited remarkable heat control performance by effectively expand-
ing the no thermal stress zone and the overall comfort zone (Fig. 5, C 
and D, left). The implementation of SAWC resulted in an average in-
crease of 5.8 hours in comfort duration and extended the no thermal 
stress time by an additional average of 7.5 hours across these cities.

For workers required to remain in their uniforms, this extended 
period of comfort could potentially increase working hours and 
productivity, which, if fully used for work, could result in higher 
income levels (Fig. 5D right; see note S6 for detailed calculations). 

Fig. 4. Design of the SAWC and outdoor application. (A and B) Optical (left) and infrared images (right) of the SAWC in dry (A) and humid (B) states. There is nothing in 
the “5” pocket, but there are down feathers in the “6” pocket and membranes in all other pockets. (C and D) Thickness (C) and normalized heat flux (qnormal) (D) of the SAWC 
when walking and cycling. The normalization process is based on the heat flux of “5” in the walking state.
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To specifically assess SAWC’s effectiveness for urban outdoor work-
ers during working hours, we analyzed an 8-hour period from 9:00 
to 17:00 and found SAWC notably extended their comfort duration 
(2.3 hours) for six types of work (fig. S21B). The implementation of 
SAWC resulted in an average increase of 1.9 hours in comfort dura-
tion and extended the no thermal stress time by an additional aver-
age of 2.6 hours across 20 cities (fig. S21C).

DISCUSSION
We have developed a scalable BC material with exceptional moisture-
responsive ability and high mechanical stability. Using this material 
as a filling, we have fabricated a sweat-sensitive adaptive clothing 
that can self-adjust its thickness from 13 mm (no sweating) to 2 mm 
(sweating) to expand the thermal regulation capability of sweating 
by 82.8% compared to traditional cloth, maintaining a fixed thickness 

Fig. 5. Modeled comfortable time and income growth for urban outdoor workers. (A) The comparison of comfort time per day between sanitary workers with warm 
clothing and SAWC on different dates. The comfort time is the sum of the slight cold stress (−1.5 to ~−0.5), no thermal stress (−0.5 to ~0.5), and slight heat stress zone (0.5 
to ~1.5). The blue (Warm clothing-no) and orange colors (SAWC-no) with patterns represent the no thermal stress zone of workers with warm clothing and SAWC, respec-
tively. The blue (Warm clothing-slight) and orange colors (SAWC-slight) without patterns represent the sum of slight cold and heat stress zones of workers with warm 
clothing and SAWC, respectively. (B) The comparison of comfort time of different workers in Nanjing on 1 January 2024. (C) The comparison of comfort time for sanitary 
workers in different cities on 1 January 2024. (D) The comfort time (left), its difference (mid), and income growth (right) of sanitary workers with warm clothing and 
SAWCs in 20 cities in China on 1 January 2024. The blue and orange circles in the left map represent the comfort time of sanitary workers with warm clothing and SAWCs, 
respectively. The circles composed of a blue semicircle and an orange semicircle represent the comfort time that is 24 hours for sanitary workers with warm clothing and 
SAWCs. The values are scaled to the diameter of the circle.
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of 13 mm. The time without thermal stress zones and comfort time 
are extended averagely by 7.5 and 5.8 hours, respectively, across 20 
Chinese cities in four climate regions. Given the simplicity, scalability, 
effectiveness, and stability of the filling materials, our findings repre-
sent a promising approach for advancing personal thermal manage-
ment and addressing diverse heat regulation challenges.

MATERIALS AND METHODS
Materials
PET film was purchased from Jubang (Dongguan) Plastic Raw 
Materials Co. Ltd. BC solution (content, 0.8%) was purchased from 
Guilin Qihong Technology Co. Ltd. Common textiles were pur-
chased from Shaoxing Green Day Textile Co. Ltd. A digital humid-
ity and temperature sensor (SEK-SHT31 Sensors) was purchased 
from Sensirion Co. Ltd. Deionized (DI) water (18.25 megohms·cm) 
was produced by a laboratory water purification system.

Fabrication of BC membrane
The PET film was washed with DI water and dried at 50°C in the 
oven. Then, BC solution (content, 0.8%) was coated onto the PET 
film by blade coating technique. The solution was dried to form a 
membrane in the atmosphere environment or oven. The membrane 
can be peeled off and cut into any expected shape.

Fabrication of membrane
PET film was washed with DI water and dried at 50°C in the oven. 
Then, the ultraviolet-curable adhesive and BC solution (content, 
0.8%) were coated successively onto the PET film by a blade coating 
technique. The solution was processed for 10 min by an ultraviolet 
lamp and dried to form a membrane in the atmosphere or oven. The 
membrane can be cut into any expected shape. The BC membrane was 
bonded to the PET film with ultraviolet-curable adhesive at different 
relative humidities (20, 40, 60, 80, and 95%), which can regulate the 
responsive characteristics of the membrane. The membrane was pro-
cessed for 10 min with an ultraviolet lamp during the preparation.

Measurements of moisture-responsive behaviors of 
membranes and SAWC
The humidity-controlled chambers were constructed to measure the 
moisture-responsive behavior (fig. S22). The digital humidity and 
temperature sensors (SEK-SHT31 Sensors, Sensirion Co. Ltd.) were 
placed in the chamber to measure humidity and temperature simul-
taneously. The resolution is 0.01% relative humidity and 0.01°C, re-
spectively. The relative humidity in the chamber was adjusted by 
high-humidity air and drying agents. At different relative humidity, 
photos were taken of the membranes and SAWC using a camera 
positioned at the same level as the samples. Then, we used these 
photos to measure the bending angles of the membranes and the 
thicknesses of SAWC.

Water vapor transmission rate test
Glass petri dishes (6 cm in diameter) were filled with DI water and 
sealed with textile samples with or without membranes using rubber 
bands. The sealed glass petri dishes were then placed in the atmo-
spheric environment. The total mass of the glass petri dishes together 
with the samples was measured periodically. The reduced mass, cor-
responding to the evaporated water, was then divided by the exposed 
area (6 cm in diameter) to derive the water vapor transmission rate.

Mechanical test
The tensile strength test was measured by ElectroForce 3200 me-
chanical testing machine. The BC and PET membranes were cut 
into the shape of 1 cm wide and 3 cm long. The fabrics with different 
pore sizes were cut into shapes 2 cm wide and 3 cm long. The sam-
ples were stretched until they were destroyed, and the displacement 
rate was kept at 4 mm min−1.

Washing text
The washing tests were performed using a standard washing machine 
(model: [Youpin017/Ddcat]) with a power of 25 W and a capacity of 
10 liters. During the tests, we used tap water without any detergent. 
The single pocket with membranes was washed in water for 30 min, 
as one wash cycle. We conducted a total of 20 cycles and measured 
the thickness of the sample after every cycle at relative humidity 
of 20 and 95%, respectively.

Thermal measurement
Figure S18 shows the schematic of thermal measurement equipment, 
which can quantitatively test the thermal management performance 
of the textile. The testing unit involves a modified copper plate, a 
1-mm-thick heat flux sensor (Electro Optical Components Inc., 
A-04457) surrounded by glasses of equal thickness, and a proportional-
integral-derivative (PID)–controlled Peltier device (TE Technology 
Inc., TC-36-25). Thermal grease (Dow Corning, 340) was applied to 
ensure good thermal contact among different parts. The testing sys-
tem’s sidewall is insulated with 5-cm-thick polyurethane foam to 
minimize heat loss. During the testing, the copper plate is kept at 
34°C using the PID program to simulate the human skin tempera-
ture, while the ambient temperature is maintained at 20°C by air con-
ditioning. At steady state, the heat flux provided by the Peltier device 
equals the heating or the cooling power generated by the copper plate 
with cloth, measured by the heat flux sensor.

Supplementary Materials
The PDF file includes:
Supplementary Notes S1 to S6
Figs. S1 to S22
Legends for movies S1 and S2

Other Supplementary Material for this manuscript includes the following:
Movies S1 and S2
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