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Abstract

Efficient thermal management is essential for the energy balance and thermal

comfort. In this context, the design of textiles, which can modulate the infrared

radiation emitted by the human body, is attractive. These fabrics will manage

the microclimate between the skin and fabric. The proposed textile design con-

sists of the coating of commercial woven fabrics based on polyamide 6–6 by a

dip-coating process. The coating is based on the incorporation of fine spherical

silica particles with a submicron size within thermosensitive poly(N-isopropy-

lacrylamide) hydrogels. Neat commercial fabrics reflect 12% of the radiation,

while the addition of silica particles leads to a reflection of 24% of the infrared

radiation in the 5–15 μm wavelengths range. The infrared radiation reflection

capacity of the coated fabrics can be increased by managing the size and the

content of the silica particles, which allows reaching 36% of reflected radiation.

Our findings open opportunities for warming up fabrics and thus reduce

energy consumption in heating close space.

KEYWORD S

dip-coating, infrared reflection, personal thermal management, radiative heating, SiO2

coating

1 | INTRODUCTION

Controlling thermal comfort to maintain the body tem-
perature in a comfortable range (36.5–37.5�C)1,2 is impor-
tant to avoid health problems such as hyperthermia,
hypothermia, and heat stroke.2,3 The strategy to manage
the thermal comfort of the human body indoors is based
on the installation of heating, ventilation, and air condi-
tioning (HVAC) systems. This type of system leads to con-
siderable energy waste and contributes significantly to the
energy crisis and global warming.4,5 Therefore, the

dynamic control of the microclimate between the skin and
the textile could reduce the energy demand by the HVAC
systems.6 Textiles are a tool for maintaining thermal com-
fort between the human body and its environment. When
the outside temperature is below the comfort temperature,
textiles fabrics are supposed to keep the heat in and main-
tain the temperature. At higher temperatures, textiles fab-
rics have to dissipate heat from the human body. Energy
in the form of heat is evacuated by radiation, convection,
evaporation, and conduction, which account for around
60%, 15%, 20%, and 5%, respectively.7–9 The human body
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emits infrared radiation (IR) in the wavelength range
between 5 and 15 μm10–12 with the maximum emission
length being around 9 μm.13

Conventional clothes have a little interaction in this
wavelength radiation range (i.e., 5–15 μm). Therefore,
new textile technologies to interact with the human body
IR were developed.14–16 Among the techniques are the
use of near-infrared (NIR) reflecting dyes or pigments
which color textiles to match reflectance curves, or the
“chlorophyll enhancement” of vegetation in the NIR
range for camouflage applications.16,17 Also, the use of
dyes made of inorganic micro- or nano-particles during
the extrusion process of polyethylene (PE) fibers gener-
ates colored PE nanocomposite fabrics and textiles that
exhibit around 80% IR transparency.18 Textile coating
allows modulation of IR by incorporating metallic mate-
rials, conductive powders, organic/inorganic materials
and semi-conductors.19,20 Among those materials are
zinc oxide,21,22 antimony,20 carbon nanotubes,7 silver
particles,9,23–25 silica (SiO2) particles,19,26–35 titanium
oxide (TiO2),

27,28 and others.36,37

The application of silica as silica oxide or Janus parti-
cles (SiO2-TiO2) has promising results for personal indoor
heating and can also be implemented for the manufacture
of conventional textiles. Assaf et al. showed that 5% of sub-
metric SiO2 particles inserted within PE membranes offer
an efficient absorption of more than 35% of the infrared
radiation between 5 and 15 μm of the nanocomposite, as
compared to the neat membrane.26 The coating of cotton,
wool, viscose, acrylic, and cotton/polyester fabrics with dif-
ferent ceramic powder coatings such as SiO2 for IR emis-
sivity tuning and management has been studied by Yuce
et al.28 demonstrating the efficient change of IR absor-
bance in the investigated wavelength range (8–14 μm).
Likewise, Panwar et al.29 deposited Janus TiO2-SiO2 parti-
cles on a cotton fabric surface and observed a clear NIR
reflection due to the coupling of the high refractive index
of TiO2 to the large size of SiO2 particles.

The application of SiO2 in textiles has been carried out
using different methods, such as SiO2 aerosol,

38 charges on
electrospun fibers,19 and spray coating.35 Silica particles
have also been applied by co-sedimentation self-assembly
as photonic crystals reflecting radiation in the ultraviolet–
visible range and coloring fabric substrates.27 Photonic crys-
tals are periodic structures,27,38-41 which have the ability to
control the propagation of electromagnetic waves in specific
wavelength ranges due to the existence of a photonic for-
bidden band. Following Bragg's law,42-44 the wavelength at
which radiation is reflected depends on the distance
between the diffraction planes and the refractive index of
the periodical structure. Consequently, silica is a widely
used material in optical coatings operating from the

ultraviolet (UV) to the NIR. Especially in the NIR range for
thermoregulation applications, silica particles are of special
interest because they show a reflection peak around 9 μm
(i.e., 1110 cm�1). At this wavelength, the human body has
its maximum emission of infrared radiation (human body
maximum is around 9.8 μm according to a black body
emission). Therefore, it is a promising filler for this field.

In the frame of this research, we propose to design
smart textiles that reflect the infrared radiation emitted
by the human body in the range of 5–15 μm. The textile
matrix for the construction of this fabric will be based on
woven fibers of PA6-6. This type of textile transmits the
IR radiation emitted by the human body15 and the objec-
tive is to transform its properties, allowing reflection of
this radiation by the addition of silica particles at the tex-
tile surface. The coating process of the textile material
will be carried out by a dip-coating process. The coating
material will be a thermoresponsive poly(N-isopropyla-
crylamide) copolymerized with acrylic acid (i.e., P
(NIPAM-co-AA)) loaded with silica particles. This ther-
mosensitive polymer will act as a ligand between the par-
ticles and the textile. The coating process is completed by
free radical photopolymerization of the coating on the
textile surface. The influence of the immersion time dur-
ing the coating process on the reflection of the infrared
radiation of the PA6-6/P(NIPAM-co-AA)/SiO2 coated tex-
tiles will be investigated first. Then, the effect of SiO2 par-
ticle concentration will be investigated. Different sizes of
silica particles will also be investigated to know how this
affects the IR refection of the coated textiles. The use of
thermography will also demonstrate the reflective proper-
ties of the coated textile. This IR reflective behavior will
be correlated with theoretical modeling. This research
work changes the properties of a conventional textile by
increasing its ability to reflect infrared radiation and thus
maintaining body heat and thermal comfort.

2 | MATERIALS, METHODS AND
CHARACTERIZATION

2.1 | Materials

N-isopropylacrylamide (NIPAM, 97%, Sigma-Aldrich),
acrylic acid (AA, 99.5%, Sigma-Aldrich). N,N-methylenebi-
sacrylamide (MBA, 99%, Sigma–Aldrich), diphenyl
(2,4,6-trimethylbenzoyl) phosphine oxide (TPO, 97%, Sigma–
Aldrich), deionized water was obtained with a Milli-Q sys-
tem (Millipore and methanol (99.8%, VWR) were used
without further purification. Monodispersed spherical sil-
ica particles of 100, 150, and 200 nm of diameter (Fuji
Chemical, Silibol 100) were used in powder form. The
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density of the silica particles was 2.21 g/cm3). Commercial
polyamide 6–6 woven fabric (thickness: 0.14 mm, areal
density: 80 g/m2) was donated to the GEMTEX laboratory.

2.2 | Preparation of coating dispersion

A thermosensitive P(NIPAM-co-AA)-based coating dis-
persion was prepared using the MBA as crosslinker and
TPO as an initiator in the presence of submicron-sized
spherical silica particles of a uniform size. For this pur-
pose, 50 g of NIPAM, 1.36 g of MBA (2 mol%), 1.59 g of
AA (5 mol%), and various amounts (between 0 and 50 wt
%) of silica were dissolved in 100 mL of methanol: water
(75:25 vol%) mixture. Finally, 0.77 g of TPO (0.5 mol%) is
added to the mixture. The initiator enables free radical
photopolymerization of the acrylate groups after the dip
coating process.45

2.3 | Dip-coating process

The pure PA6-6 fabric, named (F), was immersed in the
solution of the coating material (P(NIPAM-co-AA)), iden-
tified as (P), and (P) + SiO2 particles. (F) remained in the
solution for a given time (1, 3, or 5 min). After the
immersion time had ended, the excess liquid was drained
from the surface by gravity (30 s). The thermosensitive
coating was adhered to the fabric by free radical photopo-
lymerization by near UV exposure (34 mW/cm2) for
1 min of the wet fabric. The solvent methanol: water was
evaporated in the drying step at 50�C under vacuum for
24 h forming the thin layer on the fabric surface (as

explained in Figure 1). The coated samples were stored at
ambient conditions 20�C and 60% relative humidity.

2.4 | Characterization

2.4.1 | Areal density

The 9 cm2 samples were weighed after the coating pro-
cess at the end of the drying stage. The areal density
using Equation 1 is calculated as the average of three
samples.

Areal density g=m2

� �¼Dry fabric weight gð Þ
Dry fabric area m2ð Þ ð1Þ

2.4.2 | Thickness measurement

For the determination of the fabric thickness before and
after the coating process, a digital caliper 0–150 mm
FOWLER (Tools and Instruments) was used, and every
value presented (in mm) is averaged over 10 separate
measurements.

2.4.3 | Thermogravimetry

Thermogravimetry (TGA) of fabric samples was evalu-
ated by TGA Q500, TA Instruments. The fabric samples
before and after the coating process were analyzed

FIGURE 1 Scheme of the coating process. Different steps of the process and parameters for each. (1) Dip-coating: coating material and

immersion time. (2) Drainage process. (3) Photopolymerization. (4) Drying process. [Color figure can be viewed at wileyonlinelibrary.com]
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(10–15 mg) over the temperature range of 25–800�C at a
heating rate of 10�C/min under nitrogen (N2) atmosphere.

2.4.4 | Fourier transform infrared
spectroscopy

A Shimadzu IR Prestige-21 spectrometer equipped with
an integrating sphere was used. The fabrics samples
(stored at 20�C and 60% RH) were analyzed in reflectance
mode in a wide range from 2 μm (5000 cm�1) to 28 μm
(350 cm�1) by 64 scans. The experimental data were col-
lected and analyzed using the Varian Resolutions Pro
software.

2.4.5 | Scanning electron microscopy

A Hitachi SU8020 device at a voltage of 5 kV was used to
obtain the coating thickness (cross section) and to check
the size of SiO2 particles in the coating layer (surface).
The coated fabrics stored at 20�C and 60% RH were cut
into small pieces. The resulting samples were coated with
a thin layer of carbon as a conductive material to facili-
tate analysis.

2.4.6 | Thermal measurement

A type K thermocouple (TK2000 Chauvin-Arnoux) mea-
suring temperature ranges from �40 to +200�C were
used on the surface of the skin. The coated fabric
(9 cm2) was placed on top of the thermocouple and the
temperature was measured in the microclimate gener-
ated between the skin and the coated fabric. All sam-
ples were held for 30 s on the skin to achieve thermal
equilibrium before taking the system temperature mea-
sured. During all measurements, the ambient tempera-
ture was maintained at �20�C and the relative
humidity was kept at �60%. The images were analyzed
using ImageJ software for processing and analyzing sci-
entific images.

2.4.7 | Thermal imaging

A FLIR C2 compact professional thermal imaging camera
was used. This 80 � 60 pixels camera records infrared
radiation in a spectral range of 7.5–14 μm and tempera-
ture ranges of �10–150�C with an image upgrade rate of
9 Hz. The protocol followed for the analysis of the sam-
ples was to keep them under constant humidity and tem-
perature conditions (60% RH at 20�C). All samples were

kept for 30 s on the skin to get the thermal equilibrium
prior to imaging. Finally, the images were captured at a
fixed distance of 12 cm.

2.4.8 | Theoretical model

To study the IR reflection of the engineered materials
theoretically: in one case, the collision-based Monte
Carlo method for solving the radiative transfer through
the sample was implemented. In another case, the finite
element method to calculate rigorous solutions of Max-
well's equations using commercial software was utilized
(COMSOL Multiphysics® v5.3).

3 | RESULTS

This study proposes to design smart textiles that are able
to modulate the infrared radiation emitted by the human
body in the wavelengths range of 5–15 μm. For this pur-
pose, thermosensitive hydrogels incorporating silica par-
ticles capable of modulating the reflection of infrared
radiation were applied as a coating on commercial PA6-6
fabrics (F). A thin coating layer of ca. 20–65 μm was
obtained by a dip-coating process and free radical photo-
polymerization of thermosensitive N-isopropylacrylamide
(NIPAM) and acrylic acid (AA) in the presence of N,N0-
methylenebisacrylamide (MBA) as crosslinker. Therein,
diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO),
a type I photoinitiator, allows free radical photopolymeri-
zation of the acrylate groups within 1 min under near
UV exposure. The fine silica particles dispersed within
the hydrogel matrix spontaneously form colloidal particle
arrays in a non-packed state. Thus, this coating should
efficiently diffract light, complying with the Bragg condi-
tion, which is determined by the spacing between the dif-
fracting planes of the colloidal crystals.46

As far as the dip-coating process is concerned, the fab-
rics were immersed for 1, 3, and 5 min in the coating
solutions made of neat P(NIPAM-co-AA) or P(NIPAM-
co-AA) + 20 wt% SiO2. After the stages of the coating
process: drainage (30 s), photopolymerization (1 min)
and drying, the effect of the coating layer was studied by
analyzing the textile properties, morphology, and reflec-
tion of infrared radiation. TGA, FTIR, Scanning Electron
Microscopy (SEM), and thermal measurement, and imag-
ing by IR camera were used to analyze three different
effects: immersion time, SiO2 content (wt%), and SiO2

size in the coating solution.
The areal density of the woven fabric PA6-6 was

determined as 80 g/m2. After coating depending on the
immersion time, the areal density increases to 124.8
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± 0.4 g/m2 for the (F) + (P) and 143.2 ± 0.8 g/m2 for (F)
+ (P) + 20 wt% SiO2 (100 nm) (Figure 2a). Keeping the
immersion time constant at 3 min, the areal density
increases to (151.2 ± 0.8) g/m2 of (F) + (P) + SiO2 based
on SiO2 content (20–50 wt%) and to (146.1 ± 1.5) g/m2 of
(F) + (P) + SiO2 based on SiO2 size (100–200 nm) in the
coating solution (Figure 2b). The size of the particles
changed in these second pictures, but the weight percent-
age remained constant. Therefore, the areal density

remained almost constant. The thickness of the coated
fabrics was also analyzed and remains between 0.16 and
0.18 mm in all cases (Table S1 and Figure S1 in the ESI).
The areal density enables the classification of the textile
fabric as a light fabric (below 100 g/m2) a medium fabric
(between 100 and 200 g/m2) and a heavy fabric (over
200 g/m2). The coating changed the classification of the
fabric but is still in the range of used fabric in clothing
applications.

Thermogravimetric analysis was carried out to ana-
lyze the commercial reference fabric (F) and the SiO2

coated fabrics to determine the amount of silica particles
in the coated fabrics. The results showed (F) an inorganic
residue of 2.4% at 800�C. From this result, the SiO2 con-
tent of the coated fabrics was calculated as the difference
between the residue of neat fabric and coated fabric
(Table 1). The percentage of SiO2 in the fabrics after the
coating process is lower than the SiO2 content in the
coating solutions. Moreover, the deposited quantity of
SiO2 does not increase proportionally to the SiO2 content
in the solutions, and could be related to a lack of affinity
between SiO2 particles and fabrics as shown by the
results obtained. The size of the particles seems in the
presented tests to have a low effect on the deposited
quantity (Table 1). Indeed, the particles count decreased
but the deposited weight percent remained constant
which is also supported by areal density measurements.

To demonstrate the effect of the coating based on a
thermosensitive polymer and silica particles on IR reflec-
tion in the framework of body thermoregulation, the
study focused on the characterization of the mid-infrared
range (5–15 μm) (Figure 3). The coating time was varied
between the (P) and (P) + SiO2 based coating. The

FIGURE 2 Analysis of the properties of PA6-6 fabrics after the coating process. (a) Evolution of the areal density in fabrics coated with

(P) and (P) + 20 wt% SiO2 (100 nm) as a function of the immersion time in the dip-coating stage. (b) Evolution of the areal density in the

fabrics coated with (P) + SiO2 particles analyzing the effect of the amount (wt%) and size of SiO2 particles in the coating dispersion (constant

dip-coating time 3 min). [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Thermogravimetric analysis of coated fabrics to

obtain the final wt% of SiO2 particles after the coating process. The

amount of SiO2 is determined as a result of the analysis of the

residue at 800�C.

Sample % residue at 800�C

(F) 2.4 ± 0.1

(F) + (P) (3 min) 2.4 ± 0.2

Sample
% Residue
at 800�C % SiO2

(F) + (P) + 20 wt% SiO2

(100 nm)
15.8 ± 0.4 13.4 ± 0.4

(F) + (P) + 40 wt% SiO2

(100 nm)
18.9 ± 0.6 16.5 ± 0.6

(F) + (P) + 50 wt% SiO2

(100 nm)
26.1 ± 0.3 23.7 ± 0.3

(F) + (P) + 20 wt% SiO2

(100 nm)
15.8 ± 0.4 13.4 ± 0.4

(F) + (P) + 20 wt% SiO2

(150 nm)
16.9 ± 0.2 14.5 ± 0.2

(F) + (P) + 20 wt% SiO2

(210 nm)
16.6 ± 0.3 14.2 ± 0.3

5 of 12 GARZON ALTAMIRANO ET AL.
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reference spectral curve is the pure PA6-6 fabric (Figure 3a-
black solid line). The coating of only thermo-sensitive
polymer (P) does not affect the intensity of the spectral
curves (Figure 3a). However, in all spectral curves, a vari-
ation in IR reflection is observed between 5 and 7 μm.
This reflection zone could be due to the backscattering of
some photons (electromagnetic waves) inside the struc-
ture.47 When monodispersed silica particles were
included in the coating solution, the spectral curves
increased in intensity affected by the presence of SiO2

(Figure 3b). As in the case of the thermosensitive poly-
mer coating, a first zone of reflection changes was
observed between 5 and 7 μm. In addition, a second
reflection peak at 9.2 μm was observed, the intensity of
which depends directly on the presence of SiO2 parti-
cles.46-48 The intensity of this zone for the pure fabric
reached only 10% IR reflection, while the maximum
intensity of the peak related to the presence of silica is
36% IR reflection for the fabrics coated with (P) + 20 wt%
100 nm SiO2 for 5 min. The behavior of IR reflection on
coated fabrics is affected by the amount and distribution
of SiO2 particles within the coating layer.46,49

After obtaining the infrared radiation reflection spec-
tra, ρ %ð Þ was determined as a standard measure of the
amount of infrared radiation emitted by the human body
that is reflected by the coated fabrics. ρ %ð Þ is given by
Equation 250,51:

ρ %ð Þ¼

Z λ2

λ1

R λð Þ ;bb λð Þdλ
Z λ2

λ1

;bb λð Þdλ
�100 ð2Þ

where R(λ) is the reflection spectrum of the fabric
(Table S2 in the ESI), Øbb is Planck's black body distribu-
tion for a skin temperature at 34�C, and (λ1, λ2) is the
wavelength interval of the human body thermal emission
spectrum (5–15 μm). Figure 4 shows the evolution of
ρ %ð Þ as a function of immersion time. The reference

FIGURE 3 Evolution of the infrared spectral curves in the 5–15 μm range of the coated fabric as a function of increasing immersion

time between 1 and 5 min at 20�C and 60% relative humidity. The blue area indicates the spectral emissivity by the human body. (a) Infrared

spectral curves of PA6-6 coated by (P). (b) Infrared spectral curves of PA6-6 coated by (P) + 20 wt% SiO2 (100 nm). [Color figure can be

viewed at wileyonlinelibrary.com]

FIGURE 4 Percentage of reflected infrared radiation emitted

by the human body at 34�C between 5 and 15 μm (ρ). Samples

analyzed as a function of increasing immersion time between 1 and

5 min at 20�C and 60% RH. Samples: PA6-6 pure fabric (F) (square

symbol – reference), PA6-6 coated by P(NIPAM-co-AA) (P) (round

symbol), and PA6-6 coated by (P) + 20 wt% SiO2 (100 nm)

(triangular symbol). [Color figure can be viewed at

wileyonlinelibrary.com]
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fabric PA6-6 reflects 12% of the infrared radiation emitted
by the human body in the range 5–15 μm. Using the ther-
mosensitive polymer (P) as a coating at different immer-
sion times, this percentage increased to 14% and
remained constant over time. The percentages of IR
reflected reached values between 22% and 25% when the

coating of the commercial fabrics used (P)+ 20wt%
100 nm SiO2 at different immersion times between 1 and
5min (Figure 4). It is observed that the reflection of infra-
red radiation is increased by the presence of silica parti-
cles in the coating and that the immersion time during
the coating process has low or no effect on the IR
response of the coated fabrics. Therefore, the immersion
time of 3min was used to investigate the effect of SiO2

content and SiO2 size in the coating solution.
Subsequently, the influence of the amount of SiO2

particles on the IR reflection in the range 5–15 μm is
investigated. For this purpose, the particle size was kept
at 100 nm and the content in the coating solution was
varied. The resulting spectral curves show the character-
istic peak of silica around 9 μm (Figure 5a). The intensity
of this reflection range increases from 25% at 20 wt% to
38% at 50 wt% SiO2. By applying Equation 2, ρ %ð Þ is
obtain as a function of wt% SiO2 in the coating solution
(Figure 6 round symbol). The reflection percentage
increased with the increasing amount of SiO2 in the coat-
ing solution. This increase depends not only on the
amount of SiO2 but also on its distribution and the thick-
ness of the coating layer. By analysis of SEM images
using ImageJ software (Figure 6 and Figure S2 in the
ESI), it was observed that all wt% SiO2 coatings showed
agglomerations of 0.33 μm, while the distance between
these agglomerations and the thickness of the coating
layer were determined (Table S2 and Figure S1 in the
ESI). The coating layer of the (F) treated with (P)+ 20wt
% SiO2 has �40 μm and the distance between the parti-
cles is �0.83 μm. By increasing wt% SiO2 to 50wt% the
thickness coating increases and the distance between the
particles decreases to �65 and 0.38 μm respectively

FIGURE 5 Evolution of the infrared spectral curves in the 5-15 μm range of the coated fabric at 20�C and 60% relative humidity. The

blue area indicates the spectral emissivity by the human body. (a) Infrared spectral curves of PA6-6 coated by P(NIPAM-co-AA) + 20 wt%

SiO2 (100 nm) analyzing the effect of wt% SiO2 in the dispersion coating. (b) Infrared spectral curves of PA6-6 coated by P(NIPAM-co-AA)

+ SiO2 analyzing the effect of SiO2 size in dispersion coating. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 6 Left axis (for symbols): Evolution of percentage of

reflected radiation of the infrared radiation emitted by the human

body at 34�C between 5 and 15 μm. ρ %ð Þ at 20�C and 60% RH.

Analysis of different effects: wt% and SiO2 size in the coating

dispersion. PA6-6 pure fabric (F) (square symbol – reference). Right

axis (bar chart): Variation of the temperature measured by the

thermocouple in the space between the skin and the textile

according to the effect of wt% and SiO2 size at 20�C and 60%

RH. (Skin temperature: 30.5�C). [Color figure can be viewed at

wileyonlinelibrary.com]

7 of 12 GARZON ALTAMIRANO ET AL.

 10974628, 2023, 27, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/app.54004 by C

ochrane France, W
iley O

nline L
ibrary on [07/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


(Table S2 in the ESI). Decreasing the spacing between
the dispersed particles increases the reflection of the
infrared radiation.52,53 Likewise, increasing the thickness
of the coating layer increases the reflection of infrared
radiation between 5 and 15 μm.54,55

Keeping the SiO2 content constant at 20 wt%, the par-
ticle size on the coating solution was changed to analyze
its influence on the IR reflection between 5 and 15 μm.
The resulting spectral curves (Figure 5b) show the char-
acteristic peak of SiO2 around 9 μm and an increase in
intensity over the whole wavelength range between 5 and
15 μm with respect to the SiO2 particle size. By applying
Equation 2, the percentage of infrared radiation reflected
by the coated fabrics as a function of silica particle size
was evaluated (Figure 6). ρ %ð Þ for (P)+ SiO2 coated fab-
rics with 100 nm particles is 24%, reaching up 34% with
200 nm SiO2 and 36% with 150 nm SiO2. These trends of
infrared radiation reflection are related to the morphol-
ogy of the coating layer and the distribution of the SiO2

particles. ρ %ð Þ increases when the distance between the
particles decreases, this correlation we observed by mor-
phological analysis.

Then a SEM image analysis of coated fabrics
(Figure S2 in the ESI) by ImageJ allowed obtaining the
distance between the particles and the size of the agglom-
erations in the coating layer. The results show (Table S1
in the ESI) SiO2 particles in the (P) + 20 wt% SiO2

(100 nm) coated fabrics form agglomerations and the dis-
tance between them is �0.83 μm. In the (P) + 20 wt%
SiO2 (150 nm) and (P) + 20 wt% SiO2 (200 nm) coated
fabrics, no agglomerations were observed, only single
particles, and the distance between them were 0.44 and
0.63 μm respectively. As the particle size increases from
100 to 150 nm, the thickness decreases slightly, this

behavior should decrease the IR reflection, however the
influence of the particle distribution is stronger, produc-
ing the opposite effect and increasing ρ %ð Þ from 24% to
36%. At larger particle size (200 nm), the coating thick-
ness is practically constant, and the reflection of infrared
radiation decreases slightly due to the increase in the dis-
tance between the particles.

Thermal analysis was carried out to evaluate the ther-
mal efficiency of the coated fabrics by using a thermocou-
ple between the coated fabric and the skin. The skin
temperature was measured by the thermocouple (30.5
± 0.5�C). The temperatures registered (Table 2) by the
thermocouple showed that (F) can slightly increase the
skin surface temperature. The neat fabrics reflected 12%
of IR, no major effect is observed because PA6-6 is char-
acterized by the transmission of infrared radiation. In
samples coated by (P), the surface temperature increases
up to 31.3�C creating a slight heating effect on the skin.25

When SiO2 particles are introduced into the fabric coat-
ing, regardless of their content or size, the temperature of
the microclimate between the fabric and the skin
increases. This increase is directly related to the percent-
age of reflected infrared radiation (Figure 6). A larger
ρ %ð Þ means a higher temperature at the skin surface, as
shown by the results of the (F)+ (P)+ 20wt% SiO2

(150 nm) coated fabrics whose ρ %ð Þ is 36% and the tem-
perature is 33.3�C. These results demonstrate a warming
effect on the body surface, maintaining the thermal com-
fort in an assumed outdoor scenario with cold ambient
temperatures (Figure 7).

Infrared thermography allows the reflection of infra-
red radiation from coated woven textiles to be analyzed,
providing the apparent surface temperature of the mate-
rials (Table S4 in the ESI). The results obtained from
infrared thermal imaging are in coherence with previous
trends (Figure 8). The lower the temperature between the

TABLE 2 Thermal measurements of the PA6-6/P(NIPAM-co-

AA)/SiO2 fabric samples. Analysis of different effects: wt% and size

of SiO2 particles in coating dispersion. Skin and ambient

temperatures: 30.5 and 20�C respectively.

Sample

Temperature
between skin and
fabric (�C)

PA 6–6 pure fabric (F) 31.1

(F) + P(NIPAM-co-AA) (P) (min 3) 31.3

(F) + (P) + 20 wt% SiO2 (100 nm) 32.0

(F) + (P) + 40 wt% SiO2 (100 nm) 32.2

(F) + (P) + 50 wt% SiO2 (100 nm) 32.6

(F) + (P) + 20 wt% SiO2 (100 nm) 32.0

(F) + (P) + 20 wt% SiO2 (150 nm) 33.3

(F) + (P) + 20 wt% SiO2 (210 nm) 32.4

FIGURE 7 Photo of the thermal measurement setup: a

thermocouple measuring the microclimate between the skin and

coated fabric samples. [Color figure can be viewed at

wileyonlinelibrary.com]
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fabric and the skin, the more energy the fabric radiates
because infrared radiation is being transmitted as in the
case of pure fabric (Figure 8a). Thermal images of
“warm” apparent temperatures indicate high emittance
in the IR range, which means that some of the infrared

radiation emitted by the human body is being lost to the
environment, thereby increasing the temperature of the
outer surface of the fabric (Figure 8b). In contrast, the IR
camera showed “cooler” apparent temperature in (P)
+ SiO2 coated fabrics (Figure 8c), indicating that less IR

FIGURE 8 Infrared images of the hand covered with the (a) PA 6–6 pure fabric (F), (b) (F) coated by P(NIPAM-co-AA) (P), (c) (F)

+ (P) + 20 wt% SiO2 (100 nm) (d) (F) + (P) + 40 wt% SiO2 (100 nm) (e) (F) + (P) + 50 wt% SiO2 (100 nm) (F) (F) + (P) + 20 wt% SiO2

(150 nm) (g) (F) + (P) + 20 wt% SiO2 (200 nm). [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 9 Theoretical model obtained from the experimental results to support the different behavior of the coated fabrics with

infrared radiation in the range of 5–15 μm. (a) Schematic of the designed periodic structure with the real dimensions of the fabrics. (b) SEM

cross section view of the commercial PA6-6 fabric structure. (c) Reflection spectra of the coated fabrics as a function of the thickness of the

(F) + (P) + SiO2 (100 nm) 20 wt% coating layer. (d) Evolution of the percentage of reflected infrared radiation (ρ) between 5 and 15 μm as

the coating thickness changes. [Color figure can be viewed at wileyonlinelibrary.com]
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is being released from the human body. This is because
the tissue is reflecting this radiation and creating a heat-
ing effect between the coated fabric and the skin.

3.1 | Theoretical model

A theoretical model was designed to support the infrared
radiation reflection profile in the 5–15 μm range of the
treated fabrics as a function of coating thickness. For the
realization of the theoretical model, it was necessary to
design a periodic structure (Figure 9a) based on the real
fabric. (Figure 9b). Likewise, it was assumed that the
coating consists of a hydrogel matrix considered as an
ideal polymer whose refractive index is set at 1.5 as an
approximate value for PNIPAM-based materials.56,57 As
for the silica particles, their size and wt% were set to
100 nm and 20% respectively. Furthermore, the particles
were assumed to be homogeneous and well dispersed
within the surface layer made by the hydrogel. Simulation
is done by finite element method using COMSOL to obtain
the reflection spectra. Figure 9c shows the reflection peak
at 9 μm, stemming from the silica material strong phonon-
polariton resonance.58,59 At this wavelength, silica has a
large extinction coefficient (k), hence a negative permittiv-
ity. The maximum intensity of this peak is 50% with a
20 μm thick layer. As the thickness increases the intensity,
position, and shape of this peak changes resulting in a
decrease in intensity, a lateral shift to a longer wavelength
and an increase in the width of the reflection peak. These
changes are due to an increase in the absorption of infra-
red radiation at 10 μm (Figure S3 in the ESI). As the thick-
ness of the coating layer increases, the depth of wrinkles
on the surface decreases, therefore, a flat surface could be
achieved, which could cause the reflection to increase.54

However, a higher thickness also means more mate-
rial creating the wrinkles, and this leads to an increase in
infrared absorption.60 Thus, the opposite effect occurs
and the reflection of infrared radiation decreases. As
shown in Figure 9d, once the integration method has
been applied (Table S5 in the ESI), the theoretical per-
centage of infrared radiation reflected (ρ) by the coated
fabrics is obtained, thereby proving that as the thickness
layer increases, the reflection decreases and the absorp-
tion of infrared radiation increases.

4 | CONCLUSIONS

A textile capable of modulating the infrared radiation
emitted by the human body in the range of 5–15 μm was
successfully developed. The materials are based on
PA6-6 as the textile matrix and thermosensitive
PNIPAM-based polymers loaded with SiO2 particles as a

coating. The coating process was carried out in several
stages, the most important being the immersion stage
and the photopolymerization stage to impregnate the
textile with the coating solution and to fix the coating,
respectively. In order to study the efficiency of the coat-
ing on the infrared radiation reflection, different effects
were analyzed: immersion time during the coating pro-
cess and content and size of the coating solution. The
results obtained show that the presence of SiO2 particles
in the coating increases the percentage of infrared radia-
tion reflected by the coated material, doubling the per-
centage of reflection of the pure material. It was also
shown that this percentage of reflection is influenced by
the size and distribution of the particles as well as by the
thickness of the coating layer. The fabric coated with
P(NIPAM-co-AA) + 20 wt% SiO2 (150 nm) was the most
efficient, reflecting 36% of the infrared radiation emitted
by the human body. This result was confirmed by thermal
analysis of the textiles indicating an increase in tempera-
ture between the textile and the skin. Therefore, the devel-
oped (P) + SiO2 fabrics are expected to be used in
warming up textile applications.
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