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ABSTRACT

Personal thermal management is emerging as a promising strategy to provide thermal comfort for the
human body while conserving energy. By improving control over the heat dissipating from the human
body, personal thermal management can provide effective personal cooling and warming. Here, we pro-
pose a facile surface modification approach to tailor the thermal conduction and radiation properties
based on commercially available fabrics, to realize better management of the whole heat transport path-
way from the human body to the ambient. A bifunctional asymmetric fabric (BAF) offering both a cooling
and a warming effect is demonstrated. Due to the advantages of roughness asymmetry and surface modi-
fication, the BAF demonstrates an effective cooling effect through enhanced heat conduction and radia-
tion in the cooling mode; in the warming mode, heat dissipation along both routes is reduced for personal
warming. As a result, a 4.6 °C skin temperature difference is measured between the cooling and warming
BAF modes, indicating that the thermal comfort zone of the human body can be enlarged with one piece
of BAF clothing. We expect this work to present new insights for the design of personal thermal manage-
ment textiles as well as a novel solution for the facile modification of available fabrics for both personal

cooling and warming.

© 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Thermal comfort is vital for people’s health and safety due to
the narrow normal temperature range of the delicate human body
system [1,2]. It is generally accepted that the normal temperature
range of the human body at rest is only from 36 to 38 °C [3]. Both
low and high temperatures have an adverse effect on health and
can cause harmful and even life-threatening hypothermia or
hyperthermia [4,5]. Furthermore, whether or not a person is expe-
riencing a comfortable thermal condition influences people’s psy-
chological state and labor productivity, ultimately affecting social
development [6]. Rather than relying on the whole external envi-
ronment—such as heating, ventilation, and air conditioning (HVAC)
systems in buildings [7-9]—to realize people’s thermal comfort,
the concept of a personal thermal management strategy that
focuses on the human body itself and on its local environment is
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attracting increasing attention [10-12]. By gaining improved
control over heat transport between the human body and its local
environment, effective thermoregulation for the human body can
be achieved, resulting in enhanced thermal comfort. In turn, a
tremendous amount of energy used to maintain the temperature
of empty space in buildings and of other objects could be
conserved [7,13-15].

As the interface of energy exchange between the human body
and the ambient air, clothing plays an important role in the ther-
mal comfort of the human body [16]. With the aim of passively
optimizing control over heat dissipation from the human body,
novel textile materials have been reported for personal thermal
management. Thermal properties have been engineered based on
the heat dissipation routes of the human body to facilitate or
reduce heat dissipation via specific paths. For example, we recently
demonstrated infrared (IR) transparent nanoporous polyethylene
(nanoPE) textiles that can maximize the escape of thermal radia-
tion in the mid-IR wavelength range from the human body, result-
ing in radiative cooling [17-20]. Low-emissivity textiles have also
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been designed that cut down the loss of mid-IR wavelength radia-
tion through clothing, resulting in a warming effect [21,22].
Textiles with engineered heat conduction properties have also
been developed to regulate the conductive thermal resistance pro-
vided by the clothing system. Materials with high thermal conduc-
tivity have been applied as composite fillers, coatings, and so forth
in or on textiles to increase the thermal conductance [23-25],
while enhanced thermal insulation has been realized, usually by
the embedment or addition of microscale or nanoscale air pockets
in or on clothing fibers [26-28].

For a clothed human body in a typical indoor environment
without perspiration, conduction is the dominating dry heat trans-
port route between the skin and the inner surface of clothing tex-
tiles, and within the textile itself, for conventional IR-opaque
textiles [21]. Nevertheless, radiation and convection play a more
important role in dry heat transfer between the outer surface of
textiles and the ambient [13,21]. Therefore, it would be ideal if
the entire heat transport pathway from the skin to the ambient
could be thoroughly controlled. A combination of superior heat
conduction and radiation could expedite heat loss by reducing
overall thermal resistance to achieve a cooling effect. Alternatively,
diminished heat conduction and radiation could combine to
further decrease heat dissipation to achieve a warming effect.

Herein, we propose a bifunctional asymmetric fabric (BAF) for
personal cooling and warming based on both tailored heat conduc-
tion and tailored radiation properties. Taking advantage of surface
roughness asymmetry, a facile modification method was devel-
oped for commercially available fabrics to realize a fabric with an
overall thermal resistance on one side of the fabric, and a different
thermal resistance once the fabric is flipped over. The conceptual
design of the BAF is illustrated in Fig. 1. The BAF is an asymmetric
fabric with different surface roughness on its two sides. It is modi-
fied with heat conductive material that can improve heat conduc-
tion between the human body and the inner surface of the fabric,
as well as throughout the body of the fabric. A thin layer of high-
emissivity (¢) material is applied to the rough side of the fabric.
When the smooth side is in contact with the skin, heat is con-
ducted through the textile, reaches the high-emissivity outer sur-
face, and is emitted into the ambient efficiently; as a result, a
cooling effect is achieved for the person wearing the fabric. Conver-
sely, in the warming mode, when the textile is flipped over and the
rough side is in contact with the skin, the air gaps between the
rough side and the skin act as an extra thermal insulation layer
to decrease heat dissipation via conduction. Meanwhile, the
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smooth side with reduced emissivity faces the ambient and
increases the radiative thermal resistance, resulting in a personal
warming effect.

2. Materials and methods
2.1. Sample preparation

Blank asymmetric fabric with a laminated structure composed
of 96% polyester and 4% spandex, with a fabric density of about
220 g-m~2, was purchased from a commercial website'. To prepare
the BAF, the blank fabric was first cleaned and then modified with a
polydopamine (PDA) coating for 2 h in an aqueous solution consist-
ing of 2 g.L~! dopamine hydrochloride (Sigma-Aldrich, USA) and
10 mmol.L~! Tris-buffer solution (pH 8.5; Teknova, USA) [29]. For
the electroless plating of silver (Ag), the PDA-coated fabric was then
dipped into a 25 g-L! AgNO; solution (99.9%; Alfa Aesar, USA) for
30 min to form the Ag seed layer. After rinsing with deionized (DI)
water, the fabric was immersed in a plating bath solution containing
4.2 gL' [Ag(NHs),]" (made by adding 28% NHs-H,0 dropwise into
5 g.L~! AgNO5 until the solution became clear again) and 5 g-L ! glu-
cose (anhydrous; EMD Millipore Chemicals, USA) [30] for 2 h. Next,
the fabric was turned over and placed into a new plating bath for
another 2 h. After Ag plating and drying, oil paint (soft mixing white;
Winton, USA) was coated onto the rough side and dried (~0.29 g of
oil paint was used for 25 cm? of fabric) to complete the preparation
of the BAF. The Ag fabric and high-¢ fabric mentioned above were
prepared by skipping the steps of adding oil paint or Ag plating,
respectively. Cotton fabric for comparison was obtained from a
short-sleeve T-shirt (100% cotton, single jersey knit, ~135 g-m 2,
~400 pm thickness; Dockers, USA). A Dri-FIT fabric sample, also for
comparison purposes, was obtained from a regular Dri-FIT T-shirt
(100% polyethylene terephthalate (PET), single jersey knit, 143 g-m 2,
~400 pm thickness; Nike, USA).

2.2. Material characterization

Scanning electron microscopy (SEM) images were taken using
an FEI Nova NanoSEM 450, USA. IR transmittance and reflectance
were measured by a Fourier-transform infrared (FTIR) spectrome-
ter (Model 6700; Thermo Scientific, USA) fitted with a diffuse gold
integrating sphere (PIKE Technologies, USA). The emissivity was
calculated (as 1 - transmittance - reflectance). Thermal images
were taken with a thermal camera (E6; FLIR, USA).

- Heat conductive coating

= Thermal conduction

Skin

BAF-cooling mode

Skin

BAF-warming mode

Fig. 1. Conceptual schematic of bifunctional asymmetric fabric (BAF) with tailored thermal conduction and radiation properties for personal cooling and warming. In the
cooling mode, heat conduction and radiation are enhanced to facilitate heat transport from the human body to the ambient. In the warming mode, air gaps create extra heat
conduction resistance, while reduced surface emissivity reduces heat dissipation from the human body.
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2.3. Thermal measurement

We used a silicone-rubber flexible electrical heater (72 cm?;
Omega Engineering, USA) connected to a power supply (Keithley
2400, USA) as the skin heater. A K-type thermocouple (0.13 mm
in diameter; Omega Engineering) was in contact with the top sur-
face of the simulated skin to measure the skin temperature.
Another identical heater to the simulated skin was placed under-
neath the simulated skin to act as a guard heater, with a thermo-
couple attached on the bottom. The guard heater with the
thermocouple was connected to a temperature controller (Omega
Engineering). The temperature of the guard heater was always
set at the same temperature as the skin heater to ensure that the
direction of heat flux of the simulated skin was only upwards. Mul-
tiple layers of duct tape, each 220 pm thick, were used to cover the
area around the sample and prevent heat loss from the edges. All
the devices were enclosed in a chamber made of acrylic boards
(McMaster Carr, USA), and the air temperature (ambient tempera-
ture) in the chamber was monitored by a K-type thermocouple and
controlled at 24.5 °C by a circulating water system. The heating
power of the skin heater was set at 150 W-m~2, which resulted
in a simulated bare skin temperature of 33.5 °C. During the mea-
surements, the simulated skin was covered with fabric samples
(5 cm x 5 cm). Another K-type thermocouple was placed on the
upper surface of the fabrics. All temperature measurements were
read after at least 20 min of stabilization.

2.4. Water vapor transmission rate test

The upright cup testing procedure was based on American
Society of Testing Materials (ASTM) E96 [31], with modification.
Medium bottles (100 mL; Fisher Scientific, USA) were filled with
80 mlL distilled water and sealed with fabric samples using
open-top caps and silicone gaskets (Corning, USA). The exposed
area of the fabrics was 3 cm in diameter. The sealed bottles were
placed into an environmental chamber (BTU-133; Espec, USA) in
which the temperature was held at 35 °C and the relative humid-
ity at 30% + 5%. The mass of the bottles and the samples was
measured periodically. By dividing the reduced mass of the water
by the exposed area of the bottle, the water vapor transmission
was calculated.

2.5. Air permeability test

The testing procedure was based on ASTM D737 [32], with
modification. The fabric sample was fixed between two pipes using
a flange adapter, a centering O-ring and a clamp. The exposed area
was 1.65 cm in diameter. One pipe was connected to a T-connector
at the short/straight leg and then connected to the compressed air
source. A flowmeter (Dwyer, USA; maximum flow rate: 25 L-min~)
was placed between the compressed air source and the T-
connector. The other pipe was also connected to a T-connector at
the short/straight leg and then connected to the open air. A differ-
ential pressure gauge (UEi Test Instruments, USA) was connected
to both the long/branch legs to measure the pressure drops across
the fabric sample at different air flow rates. The linear velocity of
the air flow was calculated using the air flow rate divided by the
exposed area.

2.6. Washing test

The BAF (5 cm x 5 cm) was placed in a 100 mL bottle filled with
80 mL distilled water and 0.2 g laundry detergent (Tide, USA). A stir
bar was utilized to stir the solution at the speed of 500 r-min~!. The
BAF was washed for 30 min (one cycle) and 50 h (100 cycles). The
solution before washing and after washing for one cycle and 100
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cycles was collected, diluted by 5 vol% nitric acid, and tested by
inductively coupled plasma mass spectrometry (ICP-MS) to quan-
tify the Ag mass loss during washing. After washing for 50 h, the
BAF was dried, and the surface emissivity measurement and simu-
lated skin thermal measurement were performed again.

3. Results and discussion
3.1. The BAF fabrication

To demonstrate the concept, the BAF was fabricated via the
process shown in Fig. 2(a). We adopted a commercial fabric with
a laminated structure, which resulted in asymmetric surface
structures (Fig. S1 in Appendix A). The BAF has a relatively rough
surface on one side and a smooth surface on the other, which
matches the desired structure in our conceptual design. The
asymmetric structure is clearly visible in the SEM image of the
fabric (Appendix A Fig. S2). It should be noted that the selection
of this fabric is not fixed; the fabric can be replaced by other fab-
rics with similar structures, or an asymmetric fabric can be made
by laminating one conventional fabric layer to another, thereby
creating artificial humps. We took the blank asymmetric fabric
as the substrate. Electroless plating was utilized to coat Ag onto
the fibers in the fabric as the heat conductive coating. Fig. S3 in
Appendix A exhibits photographs of the Ag-coated fabric
(denoted as “Ag fabric”). Finally, we used oil paint to add a thin
high-emissivity layer on the rough side. The as-fabricated BAF
is shown in Figs. 2(b) (smooth side) and (c) (rough side). The sur-
face morphology of the BAF was characterized by SEM, which
revealed that the Ag coating is conformal and completely covers
the fibers’ surface, as shown in Figs. 2(d) and (e). The cross-
section SEM image of the Ag fabric verifies that the Ag coating
was applied onto every fiber inside the fabric without blocking
the pores among the fibers (Appendix A Fig. S4). On the smooth
side of the fabric, the surface of the fibers on the top is covered
with oil paint, but the gaps among the fibers are well preserved
(Figs. 2(f) and (g)). Moreover, the high-emissivity modification
layer only penetrates tens of micrometers into the fabric surface,
as displayed in the magnified cross-section SEM image of the BAF
near the rough side (Appendix A Fig. S5).

3.2. IR light emissivity and thermal measurements

The total IR light emissivity was investigated with an FTIR spec-
trometer equipped with a diffuse gold integrating sphere. The
transmittance (t) and reflectance (p) of the BAF surfaces in the
mid-IR wavelength range were measured, and the emissivity was
calculated by means of 1 - 7 - p. As displayed in Fig. 3(a), without
surface modification, the blank asymmetric textile had almost
identical emissivity from its rough side and smooth side. The Ag
coating decreased the surface emissivity on both sides. Even
though Ag is an excellent low-emissivity material (&: 0.02-0.03)
[33], the rough substrates such as fabrics made by the weaving
or knitting of fiber or yarn can dramatically increase the final emis-
sivity [34]. This is why the measured emissivity of the Ag fabric
was greater than that of bulk Ag. Nevertheless, the emissivity dif-
ference on the two sides of the fabric with different roughness was
evident. The relatively rougher side exhibited higher emissivity,
while the emissivity of the smooth side of the BAF was the same
as that of the smooth side of the Ag-coated fabric. In contrast,
the rough side of the BAF exhibited very high emissivity (approxi-
mately 0.95) over a wide range of wavelengths due to the addition
of a high-emissivity layer.

To characterize the heat conduction property of the fabric, we
measured the temperature difference (AT) between the simulated
skin surface (Tsin) and the outer surface of the fabric (Tip), using
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Fig. 2. BAF fabrication and surface morphology. (a) Schematic of the BAF fabrication process. Laminated fabric with asymmetric surface roughness underwent Ag electroless
plating to obtain heat conductive Ag coating on its fibers. A thin high-emissivity layer was then added onto the rough side. (b, c) Photographs of (b) the smooth side and
(c) the rough side of the as-fabricated BAF (scale bars: 1 cm). (d) SEM image of the smooth side of the BAF (scale bar: 50 pum). (e) Magnified SEM image of the smooth side of
the BAF (scale bar: 5 pm). (f) SEM image of the rough side of the BAF (scale bar: 50 um). (g) Magnified SEM image of the rough side of the BAF (scale bar: 5 um).

the simulated skin thermal measurement, as illustrated in Fig. 3(b).
The power density of the skin heater was maintained at a constant
level, and the temperature of the guard heater was continually
adjusted to be identical to the skin temperature in order to prevent
downward heat flux. The entire measurement system was
enclosed by a chamber at a stable temperature, controlled by a cir-
culating water system. As shown in Fig. S6 in Appendix A, AT can
be taken as an index showing the overall heat transportation capa-
city from the skin to the upper surface of the fabric, in which heat
conduction is the dominant heat transport route. The measure-
ment results are displayed in Fig. 3(c). “High-¢ fabric” refers to
the fabric with a high-emissivity modification layer only on the
rough side but without an Ag coating. An additional 1.1-1.7 °C
AT was observed when the smooth side faced up, compared with
the measurement when the rough side faced up. This finding
reveals that the addition of an air gap effectively creates extra con-
duction thermal resistance when the rough side comes into contact
with skin. It also demonstrates that the Ag coating can decrease the
total thermal resistance from the skin to the outer surface of the
textile, since the samples with Ag coating (i.e., the Ag fabric and
BAF) exhibited a smaller AT. It is worth noting that heat transport
change via conduction might not be the only factor causing a var-
ied AT. Even though heat conduction dominated the overall heat
transport, change in other heat transfer routes, such as radiation,
may still contribute.

Furthermore, we measured the simulated skin temperature with
fabric samples in different modes to characterize the comprehen-
sive thermal effect, as shown in Fig. 3(d). The blank fabric with
the smooth side coming into contact with the skin (i.e., rough side
up) was regarded as a benchmark, since all the modifications were
based on the blank fabric, and since conventional fabrics usually
contact the skin with a similar smooth surface. In the cooling mode
(rough side up), the BAF exhibited around 2.6 °C lower skin tem-
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perature than the blank fabric, due to the combination of enhanced
heat conduction and enhanced radiation. Due to the decrease in sur-
face emissivity, the Ag fabric did not present a significant cooling
effect, even though it was more heat conductive than the blank fab-
ric. Furthermore, the fabric that only had high-emissivity modifica-
tion was unable to achieve a cooling effect comparable to that of the
BAF. These facts verify that the combination of tailored heat conduc-
tion and radiation with a focus on the whole heat transport pathway
from the skin to the ambient is more effective for personal cooling
than the application of only one or the other of these methods. In
the warming mode, flipping over the blank fabric resulted in a skin
temperature of about 1.2 °C higher because of the extra air gap
introduced by the asymmetric structure roughness. A reinforced
warming effect was also realized through the addition of the lower
emissivity outer surface. Accordingly, the BAF in the warming mode
resulted in an approximately 2 °C warming effect compared with
the benchmark. As a result, the surface modifications expand the
skin temperature difference between the cooling mode and the
warming mode to 4.6 °C, indicating that the thermal comfort zone
canincrease by 4.6 °C with a single piece of BAF, compared with con-
ventional fabrics with a symmetrical structure.

We utilized an IR camera to visualize the thermal effect of fabric
samples placed on the same simulated skin at 35 °C (Fig. 3(e)). The
actual upper surface temperature and its emissivity, taken
together, determined the apparent temperature in the thermal
image [35]. For the blank fabric, the air gap caused a temperature
decrease in the upper surface when the smooth side faced up, so its
thermal image looks colder than the image with the rough side
facing up. In cooling mode, the BAF decreased the temperature dif-
ference between the simulated skin and its upper surface. With
higher emissivity, the BAF temperature in the thermal image
appears to be the highest. In contrast, in the warming mode,
the lower surface temperature of the BAF, caused by greater
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Fig. 3. Surface emissivity characterization and thermal measurements of the BAF. (a) Surface emissivity of both sides of the blank fabric, Ag fabric, and BAF in the mid-IR
wavelength range. “Ag fabric” refers to the asymmetric fabric with only an Ag coating modification. (b) Schematic of the thermal measurement apparatus, in which the
ambient temperature and skin heater power density were set to be constant and the guard heater temperature was always the same as the skin heater. (c) Temperature
difference between skin and the upper surface of the fabric for the fabrics in varied modes, showing the overall heat transport resistance from the skin to the upper surface of
the fabric. “High-¢ fabric” refers to the asymmetric fabric with only a high-emissivity modification on the rough side. (d) Simulated skin temperature with different fabrics in
varied modes in the thermal measurement. (e) IR thermal images for the blank asymmetric fabrics and BAF placed on a simulated skin at 35 °C. The squares at the bottom

right of the four panels show the optical photographs of the fabric surfaces.

conduction thermal resistance and its low emissivity, render it
much colder in the thermal image.

3.3. Wearability tests

After the demonstration of the thermoregulation ability of the
BAF for both personal cooling and warming, the wearability of
the BAF was evaluated. The BAF was fabricated via surface modifi-
cation from commercialized fabric, whose wearability can be con-
sidered to be fair enough for daily wearing. Hence, we focused on
checking the features that were the most likely to be damaged by
the surface modifications. Fig. 4(a) exhibits the water vapor trans-
mission test results of the BAF, blank asymmetric fabric, fabric
from a cotton T-shirt, and fabric from a Dri-FIT T-shirt. The water
vapor transmission rate of the BAF is comparable to that of the
blank asymmetric fabric, indicating that the surface modifications
merely impacted the original water vapor transmission ability.
Both fabrics also show a similar water vapor transmission rate to
that of the cotton and Dri-FIT, both of which are widely accepted
as fabrics with a reasonable water vapor transmission rate. This
finding also verifies that the laminated fabric structure with asym-
metric surface roughness can exhibit as high a water vapor trans-
mission rate as that of conventional fabrics. The air permeability of
these four fabrics was also investigated; all four show comparable
good air permeability (Fig. 4(b)). Furthermore, we performed a
washing test for the BAF, where 30 min of washing in water with
detergent was defined as a cycle. The washing solution after one
cycle and after 100 cycles was analyzed by means of ICP-MS to
quantify the Ag loss. One cycle of washing was found to cause
about 0.20% Ag loss, while washing for 100 cycles resulted in about
0.38% Ag loss (Fig. 4(c)). This finding indicated that the Ag loss
amount from washing is very minimal, and the BAF can sustain
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the Ag coating well after washing during practical use. The surface
emissivity of both sides of the fabric was probed again after 100
cycles of washing. As exhibited in Fig. 4(d), the emissivity of either
side of the fabric was comparable to that before washing. We also
reperformed the simulated skin thermal measurement to identify
its cooling/warming effect. After 100 cycles of washing, the mea-
sured skin temperature in the test remained nearly the same
(Fig. 4(e)).

4. Conclusions

In summary, we demonstrated the development of a BAF with
tailored heat conduction and radiation properties for personal
cooling and warming via a facile surface modification method.
Enhanced thermoregulation capacity was realized by means of
simultaneous engineered heat conduction and radiation, which
provide improved control over the entire heat transport pathway
from the skin to the ambient. With the advantages provided by
the surface roughness asymmetry and the proposed surface modi-
fication method, the BAF realizes both effective personal cooling
and effective personal warming, and can expand the thermal com-
fort zone by 4.6 °C for the human body with a single piece of cloth-
ing. We expect that this work will provide new insights for the
design of personal thermal management textiles as well as a novel
solution for the facile modification of available fabrics for both per-
sonal cooling and warming.
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