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Abstract

Porous materials are widely used in various scenarios due to their advantages such as good thermal insulation,
flexibility, and ultra-lightness. Foaming technology has given porous materials more application areas by introducing
uniformly distributed cellular structures into the polymer collective. In the past decade, we have conducted systematic
studies around the preparation of multi-component polymer microporous materials and functional applications of
porous materials. In this work, we propose the preparation of foamed TPU fibers and foamed fabrics (FT-fabric) with
anisotropic cell structure using TPU as substrate by micro-extrusion foaming techniques. Thanks to the multistage cell
distribution of the FT-fabric and the vibrational absorption of the polymer in the MIR band, the prepared FT-fabric has
a near-infrared reflectance of >97%, which enables effective radiative cooling. The porous structure of the FT-fabric
endows it with an ultra-low density, which is able to provide additional buoyancy in water. As a conceptual
demonstration, FT-fabric is able to function as a cooling and buoyancy support in seaside scenarios, among other

functions, providing a viable avenue for new functional garments.

Introduction

Polymeric foams with closed-cells and open-cells have
the characteristics of lightweight and multiple functions,
and have been widely used in various fields such as
aerospace, automobiles, windmill blades, 5G station,
sports protection, construction, water treatment' >, The
endowed air within closed cells gives polymeric foams
with low density, thermal insulation, cushioning and low
dielectric properties™, while the multi-channel structure
and capillary effect of open-cell structure endows poly-
meric foam with separation, filtration, sound absorption
and liquid adsorption properties®”. Unfortunately, the
traditional foaming techniques often use non-
environmental friendly blowing agent or involve the use
of large amounts of solvents, which is difficult to meet the
development goals of carbon peaking and carbon
neutrality.
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Supercritical CO, and N, fluids are green and residue-
free physical blowing agent, and has been used to fabricate
microcellular polymers. Microcellular polymers have cell
size of ~1-100 um and cell densities of 10°7'* cells/cm?
89 and present much better mechanical properties in
relative to the traditional polymeric foams with cell size
larger than 100 um. The microcellular foaming process
contains the formation of homogeneous polymer/fluid
system under high pressure and bubble nucleation
induced by phase-separation of polymer/gas via heating or
pressure quenching. The nucleated bubbles gradually
increase in the process of fluid diffusion to form polymer
foams with microcellular or even nanocellular struc-
ture'® "%, Continuous extrusion foaming, injection
molding foaming, and batch foaming are three critical
foaming methods to fabricate microcellular polymers, and
among of them, the batch process is most popular, since
its processing parameters and equipment are easily con-
trol. In the past 10 years, our group have developed var-
ious foaming technologies based on the batch process to
fabricate bead foam'?, foamed blocker'*, foamed film'*'®,
and 3D shaped foams'”'®, and various polymer systems
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such thermoplastic elastomers'®, biodegradable plas-
tics'*?°, high-performance plastics®' are used, and some
technologies have been commercially used in running
shoes and chemical mechanical polishing applications®.

Fiber materials, as one of the oldest and most basic
materials, occupy an important position in the course of
human development®***, In addition to the use of natural
fibers, with the rapid development of synthetic fiber
industry, fiber materials with special properties continue
to come out, and its application has gradually expanded
from the traditional clothing field to aerospace, environ-
mental energy, biomedical and other high-tech fields,
becoming an important foundation and strategic materi-
als for the development of national economy and national
defense military industry**®. As a new type of fiber
material, porous fiber has been widely concerned because
of its high porosity, low density and excellent thermal
insulation properties, and is regarded as an effective
thermal insulation fiber, which is expected to subvert
down and replace microfiber, and has important appli-
cation prospects”®?”. At present, most of the techniques
for preparing porous fibers are ice crystal stencil
method?®, phase separation®”*° and directional etch-
ing®??, Although these methods have successfully pre-
pared porous fibers, they are faced with challenges such as
insufficient strength, single function, complex preparation
process, and difficult to accurately control cell structure,
which greatly limits the practical application of porous
fibers.

Supercritical fluid physical foaming technologies have
been widely developed and used for the manufacture of
foamed bulk materials, but there is very few research on
the introduction of foaming technology into the field of
fibers®. Because of the rapid escape of blowing agent out
of small diameter of fibers, it is difficult to achieve the
foamed structure within fiber matrix during the foaming
process. In recent studies, our group has developed
micro-extrusion foaming technology to prepare the plas-
tic porous fiber””**, where the plastic filaments are satu-
rated by compressed CO, or N, and the saturated
filaments are micro-extruded by a home-designed device
into thin and foamed polymer melt. Through control of
the residence time of foamed polymer melt, the cell
structure can be adjusted within the 0.2-0.5 um-sized
porous fibers. Unfortunately, the plastic-based foamed
fiber is brittle, and cannot reach the flexibility of existing
fiber materials.

The reason why the foamed fiber has been widely
concerned is that, in addition to the well-known advan-
tages of heat insulation and ultra-lightweight. The ultra-
wideband control of thermal radiation can be realized by
adjusting chemical structure and cell structure of foamed
fiber®®, and fiber’s shape and distribution®**’, and thus
the thermal management strategy of heat insulation and
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cooling can be realized®. In the field of clothing or
wearable devices, the application of porous fibers can
effectively regulate the heat transfer between the human
body and the external environment, and achieve reason-
able control of human temperature®>*°. In addition, the
cell structure endows porous fibers with ultra-light den-
sity, and swimsuit woven based on porous fibers can
supply additional buoyancy in water, and further fiber
modification such as UV resistance gives the porous fibers
many advantages.

In this work, a TPU-based elastic and lightweight
foamed fiber was prepared by the micro-extrusion
physical foaming with using supercritical N, as a phy-
sical blowing agent. It was interesting to find that the as-
prepared foamed fiber presented excellent radiation
cooling ability and lower density than seawater. The
potential usage of the weaved porous fabrics in the scene
of summer seaside was examined. The influences of cell
structure on the infrared radiation’s reflection and
absorption of fabrics, and the buoyancy of swimwear
fabric were discussed. Due to the scale of micro-
extrusion physical foaming process, the developed
elastic foamed fiber in this work has the prospect of
mass production, and can be used in high-tech func-
tional clothing.

Results and discussion
Design strategy and fabrication

In this paper, the porous elastic TPU fibers were pre-
pared by micro-extrusion foaming method, and the
micro-extrusion foaming process is shown in Schematic
Fig. 1la. N, was selected as the green physical blowing
agent due to its low gas desorption rate, and the saturated
N, with pressure of 25 MPa was applied, and a N, solu-
bility of 1.25wt% was obtained in the saturated TPU
filament. The preparation of foamed fibers can be divided
into three steps, including (1) gas saturation of TPU
filament, (2) micro-extrusion of gas-saturated TPU fila-
ment, (3) collection of porous TPU fiber under stretching.
During the micro-extrusion foaming process, the N,-
saturated TPU filament was passed through the micro-
extruder and then across the nozzle, the heating-induced
cell nucleation occurred within the micro-extruder, and
the gas-diffusion driven cell growth. Once the foamed
polymer/gas melt was extruded out of the nozzle and then
across the heating channel, the foamed melt was solidified
and the formed cell structure was stabilized by air cooling.
By adjusting the residence time of foamed polymer/gas
melt within the extruder and the stretching degree of
foamed fiber within the heating channel, the cell mor-
phology of foamed fiber could be adjusted. The fabric
(FT-fabric) obtained by knitting the as-prepared foamed
fibers through a knitting machine has the advantages of
ultra-low density, high elasticity, and porosity, which can



Wang et al. NPG Asia Materials (2025)17:7

Page 3 of 127

Gas saturated
filament

Heat sink

Cell nucleation induced
by phase separation

Heat block

Formation of fine and
uniform cell structure

gl
@‘TPU filament
N

Xy v
S High-pressure
Y saturation

)
4

=

Saturated TPU filament

w‘.» /

Micro-extrusion

I"\
Foamec‘j@
foaming

N
<
\/

Radiation O ;

Conduction
Convection

| R ——

.

Emittance |

Fig. 1 Preparation and mechanism of FT-fabric. a Schematic diagram of preparation of micro-extruded foamed fiber. b Application diagram of FT-
fabric. ¢ Schematic diagram of radiant cooling of FT-Fabric. d FT-fabric water application diagram.

be used as a wearable device to achieve apparel
applications™.

As shown in Fig. 1b, in a seaside environment with
intense solar radiation, people often need to be pro-
tected by sun hats, sun umbrellas, and sunproof clothes,
etc. Meanwhile, except for the solar radiation from the
sun in the sky, the thermal radiation reflected by the
ground cannot be ignored, which could constantly heat
things on the ground*>*?. Therefore, in addition to
block the sun, the selection of materials with a certain
cooling function can help people maintain thermal
comfortable in the hot environment**. In the outdoor
seashore, the acidity and alkalinity of seawater, corro-
sive, the radiation intensity of the sea surface, wind,
waves etc. will have an impact on the comfort and safety

of the human body. Therefore, in the such complex
environment want to improve human comfort, need the
functionality of a more adequate and comprehensive
functional clothing. The foamed fabric is able to effec-
tively reflect solar radiation, block UV damage and near-
infrared heating, while have high emissivity within the
atmospheric window (8-13 um), which has an obvious
role in regulating body temperature and keeping the
body thermally comfortable (Fig. 1c). In addition, as
shown in Fig. 1d, due to its ultra-low density, excellent
chlorine resistance, UV resistance, hydrophobicity, FT-
fabric can be worn as a swimming costume in seawater
to provide a certain buoyancy for the human body in the
water while drying quickly to ensure the human body’s
comfort after going ashore.
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Physical properties of foamed fiber and FT-fabric

As shown in Fig. 2a, during the micro-extruded foaming
process, the cell nucleation is induced via a rapid heating
and the cell growth is enhanced by gas diffusion in micro-
extruder at a fixed temperature, thereby forming a porous
structure inside the TPU filament. In the fiber profile
section (Fig. 2b), the dense and irregular porous structure
is formed inside the fiber (Fig. S1). Compared with the
common freeze-drying or phase separation methods, the
cell structure formed by the micro-extruded foaming is in
a more regular elliptical shape, with a smaller diameter
and a tighter structure, and the cavities and micropores
are also contracted. In order to achieve the application of
foamed fibers for garments, we prepared them using a
knitting flat knitting machine, the structure of which is
shown in Fig. 2c. The woven foamed fibers can form
a complete, dense tissue structure for functional
applications.

We counted the cross-section, profile-section of the
foamed fiber, and the pore size distribution of the
knitted fabric. It can be seen that in the cross-section,
the prepared foamed fibers have a pore size distribution
in the interval of 0.5-15 pum, and the wide distributions
of nanopores and micropores are ~579 nm and ~8.5 yum,
respectively (Fig. 2d). As for the profile-section, the fiber
had a multiscale disordered porous structure with a
porosity of ~83.2%, and the distribution of pore sizes
extended to the range of 2—20 um (Fig. 2e). In contrast,
after weaving the foamed fibers, the pore distribution
between fibers and fibers was in the range of 15—-60 um
(Fig. 2f). It can be seen that FT-fabric has a large range
of pore size distribution between 0.5 and 60 um com-
pared to ordinary textile materials. Among them, the
size of the pore size in the fiber is comparable to the
wavelength of sunlight (0.3~2.5pm), which scatters
sunlight more strongly. The interval of major pore sizes
is also much smaller than the infrared wavelengths
(7-14 um), so the FT-fabric is transparent in the mid
and far-infrared ranges and is able to emit the heat of
the material without blocking the infrared emission
from the human body. As can be seen in Fig. 2g, the
foamed fiber prepared in this work is expected to
achieve large-scale production due to simple prepara-
tion method, which is capable of stable high-volume
preparation. Moreover, the foamed yarn has good
wearable performance, which can achieve large-area
fabric preparation by upper loom weaving (Fig. 2h). In
addition, the tensile stress-strain curves of FT-fabric,
sunproof cloth and swimwear were tested in Fig. 2i. FT-
fabric also showed a strength significantly higher than
that of swimwear and close to that of commercial sun-
proof cloth. The results indicate that the prepared FT-
fabric has excellent mechanical properties and is easy to
weave into functional textiles. Therefore, FT-fabric has
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great potential as a wearable device due to its excellent
optical and mechanical properties.

Radiation cooling properties

The spectral properties of the FT-fabric and T-fabric
before and after foaming were quantitatively char-
acterized in the solar (0.5-2.5pum) and AMI bands
(3—25 um) (Fig. 3a). It can be seen that FT-fabric is able
to achieve >97% solar reflection in the NIR band and
exhibits high emissivity in the atmospheric window
band (8-13 um). This is due to the randomly dis-
tributed disordered holes inside the fibers after foaming
that help to scatter sunlight, the scattering of sunlight is
shown schematically in Fig. 3b. In contrast to conven-
tional foamed fibers with orderly distribution and reg-
ular shape, foamed fibers contain small holes
comparable to the wavelength of the short solar radia-
tion as well as large holes comparable in the atmo-
spheric window band. According to the Mie scattering
theory45, the cell size distribution close to the band has
a strong solar reflectivity, and when the size is far away
from the MIR band, it leads to a lower Mie scattering
efficiency in the band, and in the non-window MIR
band is conducive to a higher transmittance rate of the
human body radiation, and achieves the effect of
radiation cooling. In addition, it is well known that the
emission and transmission of polymeric materials in the
MIR region (the main human radiation band) is
essentially dependent on their molecular bonds and
functional groups, which have different vibrational
absorption and emission characteristics in different
band ranges. The presence and absence of strong
molecular vibrations is a necessary prerequisite for high
emission and transmission in the corresponding bands.
For an ideal radiation-cooling textile, the vibrational
absorption and emission frequencies of molecular
bonds and functional groups should be limited to the
MIR band (8-13 um). In Fig. 3¢, we tested the FTIR-
ATR curves of FT-fabric and T-fabric to characterize
the transmittance, the transmittance of FT-fabric in the
middle infrared band of 9-12 pm is lower than that of
T-fabric. The transmittance tends to be about 1, and
the sample tends to be about transparent because the
T-fabric is not foamed, so transparency is high. On the
contrary, the porous structure inside FT-fabric will
reflect the incident light for many times to limiting its
optical activity. The obvious transmittance decline of
FT-fabric in the mid-infrared band can be attributed to:
Firstly, the vibration absorption and emission fre-
quencies of the molecular bonds and functional groups
of the polymer have obvious vibration in the MIR band
(8~13 um). Thus, both FT-fabric and T-fabric have
similar peak shapes in this band. Secondly, FT-fabric
has microporosity of similar scale in the MIR band,
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which further produces an interference effect, increases
its emissivity and decreases its transmittance. In addi-
tion, Fig. 3d shows the ratio of emissivity and trans-
mittance of FT-fabric in the MIR band. According to
Kirchhoff’s law, transmittance + reflectance + emis-
sivity =1 (in the MIR band, the reflectance of FT-fabric
can be almost considered to be 0), therefore, trans-
mittance = 1—emissivity. FT-fabric has an average
transmittance of 27% over the entire 4-25 pm region,
indicating that it can transmit one-third of the body’s
radiant energy.

The net cooling power (P,) is calculated using a
radiative cooling theoretical model*®, which is based on the
measured data of nighttime and daytime reflectance spec-
tra, and the net radiative cooling power of FT-fabric during
daytime and nighttime are shown in Fig. 3e, f, respectively.

A cooling model was used to simulate and estimate the
cooling power of FT-fabric, the net cooling power P, can

be calculated by the following Eq. (1).
= Puon—rad (1)

Where P,,, is the emitted thermal radiation from the FT-
fabric, can be defined as Eq. (2).

Puet = Prag — Paym — Psun

/2 0
P = 2]1/ sin 6 cos 9619/ 8mlbb(Tf)d)L (2)
0 0

Furthermore, P,;, indicates the absorbed thermal
radiation from the atmosphere at the temperature T, it
can be calculated by Eq. (3).

/2 00

P, = 2n/ sin 6 cos 6d6/ EatmIbb (T atm)dA
0 0

(3)

Where Ip,(T) is the radiation intensity of black body, it can

be calculated from Eq. (4), ¢ is the speed of light (3 x 10°
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ms ), & is the reduced Planck constant (1.055x 107347 s),
K3 is the Boltzmann constant (1.381x 102 JK 1Y), and
the 1 is the wavelength, respectively.

4c% 1
Iny(T) = ;_5 «—— (4)

Ic
kT — 1

Pon—raq indicates the heat transfer by convection and
conduction, it can be calculated by Eq. (5), where /4 is the
heat transfer coefficient, T, is the atmosphere tem-
perature, and T is the surface temperature of FT-fabric.

Pron—raa = h(Tatm - Tf) (5)

The solar radiation intensity is provided by AM1.5(1),
and 6 is taken as 0° because our test device is completely
facing the sun. According to the result, the radiative
cooling power of FT-fabric is higher at night than during

daytime, which is due to the fact that there is no direct
solar irradiation at night, which reduces the energy input
by a large amount. These results confirm the high radia-
tive cooling power of FT-fabric.

In addition, we designed an experimental setup to verify
the out-of-world cooling performance of FT-fabric on a
sunny day in Guangzhou, China. the schematic of the
experimental setup is shown in Fig. 3g, where the power
density of the simulated skin is 100 W/ m?, the specific test
procedures and details are shown in Fig. S2. The simu-
lated skin covered with FT-fabric, sunproof cloth, and a
swimming costume is exposed to the sun at the hottest
time of the day (from 10:00 a.m. to 15:00 PM) the tem-
perature variations in different scenarios are shown in Fig.
3h. Overall, the temperature changes of the three different
textiles are relatively smooth when the materials are
placed on the water surface, while the simulated skin
temperature of the FT-fabric covered with the FT-fabric is
significantly lower than that of the sunproof cloth and the
swimming costume when it is on the ground. In Fig. 3i,
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the average temperature FT-fabric is 39.2 °C, much lower
than sunproof cloth (43.4°C) and swimming costume
(46.1 °C). We added the reflectivity of sunproof cloth and
swimwear in Fig. S3. The results show that the sunproof
cloth has a high reflectivity in the visible band, but the
reflectivity in the near infrared has decreased significantly,
which is because the main function of the sunproof cloth
is to prevent UVA and UVB damage to the skin, and its
action band is concentrated in the visible band. The
reflectance of the swimwear is less than 70%, because the
swimwear used in this test is the swimwear sold in the
market, and has no sunscreen effect, so the reflectance is
low.

Specifically, we tested the temperature changes of dif-
ferent textiles on water and on land, respectively. In Fig.
4a, b the temperature variations of simulated skin covered
with FT-fabric, sunproof cloth and swimming costume on
water and on land are shown, respectively. Figure 4c tests
the variation of solar radiation intensity during its testing.
In Fig. 4a, the temperature change of FT-fabric is rela-
tively smooth compared to the other textiles, with no
obvious peak temperature appearing. This is due to the
low thermal conductivity of FT-fabric due to its porous
structure, which can slow down the heat exchange and
keep the internal temperature in a stable range while
cooling down in the water. The average temperature
change of sunproof cloth and swimwear is also lower in
water than on the ground, but both are significantly
higher than that of FT-fabric.

In addition, to demonstrate the cooling effect, we
tested the surface temperature change of the moistened
textiles by applying them to the human body and
exposing them to the sun (Fig. 4e, f). Figure 4e shows the
infrared images during the test, and it is evident that FT-
fabric clearly exhibits a lower surface temperature at the
same solar radiation intensity. In Fig. 4f, we clearly see
that the surface temperatures of the wetted fabrics are
all about 25°C at the beginning, while FT-fabric and
sunproof cloth are the first to warm up with the change
of the sun exposure time, which is mainly due to the fact
that both textiles are hydrophobic and have less water
absorption, so the water stained on their surfaces will
evaporate quickly under the sun irradiation, resulting in
the phenomenon of rapid warming. Swimwear, on the
other hand, is more absorbent and has a higher water
content, so the temperature change under sunlight is
smaller.

The application of FT-fabric in buoyancy swimwear

The low density of the FT-fabric swimwear necessarily
provides the appropriate buoyancy for the swimmers, thus
ensuring the safety of the users, which gives the potential
for large-scale commercialization of the FT-fabric.
Meanwhile, the beneficial effects of the FT-fabric
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swimwear in practical application scenarios are described,
including the buoyancy quantitative data, air permeability
and moisture permeability, quick-drying performance,
and weathering resistance.

As shown in Fig. 5a, we tested the net buoyancy of the
textiles using the drainage method according to ISO
standard 12402-9:2006.51*". Firstly, we measured and
recorded the weight of the container completely filled
with water, W, and the mass of the wetted textile, Wy
The wetted textile was immersed in the container and
the glass lid was pressed until no air bubbles appeared,
then the excess water was drained from the container
and the outside of the container was wiped dry, at which
point the weight of the entire container and the textile
was W,. (All units are grams. The test was repeated
more than three times for each sample).

The mass of the sample drained of water in the con-
tainer is:

M, =W; —(Wy— Wf) (6)

Where M,, is the mass of the water that the sample flows
away, W is the weight of the container after it is filled
with water, W, is the weight of the container containing
the water and the sample, and W is the average wet mass
of the sample. This is then converted into units of volume
by the following equation

M,
Vim o — 7
/1000000 @
where M,, is the mass of the water displaced by the
sample (g) and Vyis the volume of the sample (m>).

Following Archimedes’ principle®®, the net buoyant
force of the samples is calculated as follows

Fnet = vafg —mg (8)

where F,, is the net buoyancy (N), Py is the density of
water (p; = 1000 kg/ m?), Vyis the volume of the sample in
m?®, g is the Earth’s standard gravity (g = 9.807 m/s?), and
m is the mass of the sample (kg). The mass of the sample
can be measured with an electric balance.

Based on the test of the drained water method, we
calculated the buoyancy of the same size (10 cm x 10 cm)
FT-fabric, sunproof cloth, and swimming costume as well
as their densities (Fig. 5b). It can be seen that due to the
ultra-low density of FT-fabric (0.62 g/cmB), it is able to
provide a buoyancy force of ~0.68 N. In order to quanti-
tatively describe the role of FT-fabric swimwear in prac-
tical application scenarios, the surface area of human body



Wang et al. NPG Asia Materials (2025)17:7

Page 8 of 12 7

N

\

a
60 v T v T v T - T c A1000 T r x
gy i 1 8 —m— On the ground
O 55F g § 900} —® Onthe water
@ 50 <
2 8 so0}
S 45 S
g 40 S 700}
g —— FT-fabric =
F 35| —— Sunproof cloth | 5 600f
— Swimwear ©
30 ] ] ] ] 2 ” ) ) ) )
10:00 11:00 12:00 13:00 14:00 15:00 1%:00 11:00 12:00 13:00 14:00 15:00
b Time (HH:mm) d Time (HH:mm)
60 60 T T
T T T T [ On the ground
0{)\ 650 On the water
o o 40t 1
E £
© =
g g 30t |
g 40 —— FT-fabric 20} 1
F 35t Sunproof cloth | @
— Swimwear 101 1
1 " 1 1 1
10:00 11:00 12:00 13:00 14:00 15:00 0 abriC < cloth veal
. T-a (00 Wi
Time (HH:mm) f - ¥ sunP S
—u— FT-fabric
—~0l —®— Sunproof cloth i
8 40 —A— Swimwear i
S35t
©
Q30f
£
2 25k
20 T Y T
0 50 100 150 200 250 300

Fig. 4 Radiation cooling test of FT-fabric. The actual temperature of FT-fabric, sunproof cloth and swimwear is tested (a) on water and (b) on land
(Data was recorded on August 6th in Guangzhou, China). ¢ Changes in solar radiation during the actual temperature test of fabric, sunproof cloth and
swimwear. d The average temperature of the actual temperature test for FT-fabric, sunproof cloth and swimwear. e Infrared images of wetted FT-
fabric, sunproof cloth and bathing suit evaporation test. f Evaporation test results for FT-fabric, sunproof cloth and swimwear.

Time (s)

can be calculated by Stevenson formula:
S =0.0061 * H 4+ 0.0128 * W — 0.1529 (9)

Where, S is the surface area of human body, m?2. H is the
height of human body, cm. W is the weight of human
body, kg.

As can be seen from Fig. 5¢c, we have tested the buoy-
ancy changes of FT-fabric and swimwear of different
thicknesses. It can be seen that the buoyancy of FT-fabric
increases significantly with the increase of thickness and is
much higher than that of swimwear.

For example, a FT-fabric swimwear (wear area is 50% of
the surface area of human body) can provide about

51.82N of buoyancy for an adult woman (170 cm of
height and 50 kg of weight), accounting for about 10% of
body weight. This means that in a swimming scene
dominated by safety and comfort, the FT-fabric swimwear
provides users with significant safety features while bal-
ancing mobility (compared to the life-jacket with ultra-
low density). The sunproof cloth and swimming costume
are both much denser than water, and, therefore, difficult
to float on the water surface, and the calculated net
buoyancy force is just less than 0.1 N, which makes it
difficult to realize the buoyancy force provided.

As a wearable device, air permeability and moisture
permeability are also key factors affecting its wearing
comfort, so we tested the air permeability and moisture
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\.

permeability of three textiles in Fig. 5d. sunproof cloth
often adopts a UV-resistant coating on the surface of
polyester fabrics to achieve lower than the effect of solar
radiation, and thus will inevitably sacrifice its air perme-
ability and moisture permeability. FT-fabric, on the other
hand, exhibits superb air permeability and moisture per-
meability, which makes it comfortable to wear in any
scenario. In addition, the user’s comfort after temporarily
leaving the water is also worth considering, and this
process strongly depends on the swimwear’s excellent
quick-drying performance. Figure 5e shows the variation
of residual water content of fully wetted textiles under
direct sunlight (solar radiation intensity of 897 W/m?).
With the increase of sunlight exposure time, the residual
water content of FT-fabric decreases rapidly to 20% in
~6 min and tends to stabilize, whereas the residual water
content of sunproof cloth and swimming costume chan-
ges less. The residual water content of FT-fabric decreases

rapidly, mainly due to the rapid decrease of water content
of FT-fabric. The main reason for the rapid decrease in
the residual water content of FT-fabric is that its super-
hydrophobic surface carries less initial water than other
textiles after wetting in water, and therefore evaporates
more quickly during drying (Fig. S5). We have measured
the evaporation rate of FT-fabric, sunscreen clothing and
swimwear according to fabric evaporation test standard
GB/T21655.1-2008. It can be seen that the evaporation
rate of FT-fabric also shows a high value under the same
test conditions (Fig. 5f). Finally, because seawater contains
substances such as sodium chloride, ammonia and iodine,
it is crucial to have good weathering resistance. To test
the weathering resistance of FT-fabric, we submerged the
same area of FT-fabric purchased swimming costumes in
seawater and left them outdoors for a period of 8 weeks,
and recorded the changes in their quality on a weekly
basis (Fig. 5g). From Fig. 5h, it can be seen that after
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8 weeks of weathering test, the weight of FT-fabric
decreased by 0.03g, while the swimming costume
decreased by 0.11 g, which proves that FT-fabric has good
stability.

Conclusion

In conclusion, we have developed and validated a new
type of functional garment through micro-extruded phy-
sical foaming technology. By introducing foaming tech-
nology into fiber preparation can solve the current
problems of difficult weight reduction and functionality of
fibers, and has a wide range of potential applications.
Firstly, FT-fabric can effectively reflect near-infrared
sunlight, thanks to the multi-level distribution pore
strategy in the fiber. Secondly, since the FT-fabric can
provide buoyancy, air permeability and moisture perme-
ability, quick-drying performance, and weathering resis-
tance, this brings security, comfort and movability to
users in swimming scene. Finally, our fiber preparation
process has the convenience of being manufactured on a
large scale like currently common fibers. Our work will
provide a generic strategy for designing micro- and
nanostructured radiatively cooled textile materials and
will be important for the future development of functional
clothing.

Materials and method
Material

Thermoplastic Polyester Elastomer (TPU, 93 A) raw
material granules, purchased from DuPont Company
(USA). Nitrogen gas (purity of 99.9%), obtained from
Guangqi Gas Company (China).

Preparation of foamed fiber

The micro-extrusion physical foaming process in this
work uses N, as blowing agent. The TPU filament was
saturated at 25 MPa/30 °C for 24 h, and the content of the
saturated mixed gas was 1.25wt%. Then the saturated
TPU filament was placed in a low-temperature environ-
ment of —15°C with aim to minimize the gas escape. A
home-made micro-extruder was used to extrude the
saturated filament with the nozzle temperature at 220 °C
and feeding rate of about 4.5 m/min, and the foamed
porous TPU fiber was heat-stretched at 100—120 °C with
various stretching rates of 0.5-2.5 m/s.

Weaving of FT-fabric
The automatic rapier knitting machine (Sansi Machin-
ery Co., Ltd.) was used for weaving, named as FT-fabric.

Material characterization

The morphology of foamed fiber, and bionic porous
structure were characterized via a COXEM EM-30AX
SEM. The specimens were quickly snapped or cut off in
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liquid nitrogen, glued to the sample stand with conductive
glue, and then sprayed with gold on the surface. SEM was
used to observe the surface, cross-section morphology,
and radial morphology of foamed fibers. The moisture
absorption, thermal conductivity and cooling processes of
the samples were captured using thermocouples and a
Nicolet 6700 Fourier Transform Infrared (FTIR) meter.

Spectral characterization

The spectral properties of the FT-fabric were char-
acterized separately in the solar spectrum (0.3-2.5 pum)
and MIR (2.5-25 pm) wavebands. The solar reflection and
transmission  spectra were recorded using an
ultraviolet—visible—near-infrared spectrophotometer
(Cary 7000, Agilent) and a FTIR spectrometer (INVENIO,
Bruker) equipped with a gold integrating sphere (A562,
Bruker) was used to measure the absorption—emission
and transmission spectra.

Cooling measurements

The cooling effects of the different textiles were mea-
sured using the devices shown in Fig. 3g. Aluminum foil
and foam in the test device were utilized to minimize the
thermal impact from the surroundings, as in a method
used in previous works. The thermocouples connected to
a recorder were used to monitor the sample’s temperature
in real-time.

Buoyancy test

The true buoyancy of FT-fabric and swimsuit pairs was
tested using the drainage method based on ISO standard
12402-9:2006.51, and the test diagram is shown in Fig. 5a.

Air permeability test

the test standard based on GB/T5453-1997 textile fabric
breathability determination. According to the breath-
ability standard of the textile, the applied pressure was
100 Pa, the applied area was 20 cm?, the test temperature
was 20°C, the ambient humidity was 65%, and the air
permeability of the fabric was measured ten times at
different positions to take the average value.
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