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Abstract:

The research presented in this article concerns the modeling of physical processes occurring in protective clothing
that determine the ergonomics and thermal balance between its user and the work environment. In the first part,
three-dimensional models of real composites based on cotton fabrics and aerogel were designed using the original
method of Parylene C deposition in the chemical vapour deposition (CVD) process, which have potential application
in thermal protective gloves. The models included geometric parameters of real textiles calculated based on high-
resolution X-ray tomography. This technique also allowed for the accurate determination of the porosity of the tested
materials and the inclusion of the exact air content in the models without the need to reproduce the complex
geometry of fibers in the fabric and microgranules in the aerogel. The results of heat transfer simulations performed
using the finite volume method, correlating with the results of the experiment verifying them using thermography,
showed that the designed models allow for the prediction of heat transfer with high accuracy despite the use of a lot
of simplifications in the geometry. The differences between the modeling results and the experiment range from 0.7
to 5.5% depending on the complexity of the model geometry.
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1. Introduction

Cotton fiber is a natural fiber consisting of approximately
88–96% pure cellulose [1,2]. The cotton plant is grown mainly
in desert and arid areas because its crops are resistant to
demanding climatic conditions [3]. In the world, 2.1% of agricul-
tural land is used for cotton cultivation. Cotton fibers are used in
the textile industry due to their very good properties, i.e., air
permeability, biodegradability, hygroscopicity and lack of static
electricity [1,4,5]. Cotton is a natural, bio-based and common
textile material, used in various clothing, transport, dressings,
coffee filters, fishing nets, etc. [5].

Parylene technology is an unusual type of physical vapor
deposition process, which uses organic polymers. Parylene
(poly-para-xylylene-based polymer) is a polycrystalline, crystal-
clear and amorphous linear polymer [6]. Parylene adapts very
well to the substrate, as it has good adhesion [7]. Among the
parylene coatings, we can distinguish: Parylene N, C and D. Par-
ylene C shows chemical resistance, thermal stability and resis-
tance to moisture. Moreover, Parylene C is the best moisture
barrier in relation to Parylene N and D. Additionally, it shows
high biocompatibility and biostability [6,8]. In summary, Parylene
C is a universal material suitable for applications in flexible mate-
rials [9]. One of the interesting aspects of parylene coatings is that

they can be conformally coated on any geometry, mainly on
objects with deep holes and cracks. Parylene coatings are chemi-
cally neutral, smooth and transparent and cannot be dissolved in
commonly used solvents [10,11]. Additionally, they exhibit low gas
permeability and constitute a very good barrier to ion diffusion.
Parylene coatings exhibit high dielectric strength and better-insu-
lating properties compared to silicone polymers commonly used to
insulate electrical circuits [6,7,12]. In addition, they have useful
elastic properties (deformation) and high resistance to tearing,
thanks to which they are used as slip coatings in biomedicine
[13]. They are also used in electrical circuits, as they provide
protection against corrosion. Moreover, due to their low level of
water, gas and ion permeability and low level of friction, they are
used in pacemakers, implants and prostheses. Parylene coatings
are also used to protect elements of nature [11,14].

Aerogels are ultralight solids, highly porous and semi-trans-
parent, consisting of more than 90% air [15]. They are available
in the form of powder or granulate. According to the Interna-
tional Union of Pure and Applied Chemistry, aerogel is a gel
consisting of a microporous solid substance in which the dis-
persed phase is a gas [15,16]. Aerogels are characterized by a
low refractive index, low density of 3–150 kgm−3 and a dielec-
tric constant, high shock absorption capacity and a specific sur-
face area of 500–1,200m2 g−1. In addition, they exhibit low
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sound velocity and low thermal conductivity of 0.005–0.015
Wm−1 °C−1 [15–17]. The unique and diverse properties of aero-
gels allow them to be used in a wide range of applications.
Starting from thermal insulation (e.g., in construction, clothing
and spacecraft), through solar windows, sensors, acoustic
insulation, filtering agents and kinetic energy absorbers [18,19].

Themost usedaerogels are based on silica,while other aerogels,
e.g., based on carbon monoxide, aluminum, titanium and zirco-
nium [20,21]are usedmuch less frequently. The structure of silica
aerogel is made of solid particles with a diameter of 1–10 nm,
connectedwith each other by covalent bonds. They form a stable
network with small but numerous pores with a diameter of
10–100 nm [15–17]. In reference to the structure of the aerogel,
it should be noted that the share of the solid fraction, i.e., silicon
dioxide, is up to 10%, while the rest is air. Due to this fact, aero-
gels have the lowest density as solids [22,23].

Aerogels are characterized by low thermal conductivity of up to
0.02Wm−1 °C−1 due to high porosity and very small pores. This
parameter is substantially lower in relation to traditional materials,
and also lower than in the case of still air (0.026Wm−1 °C−1)
[15–19]. Billions of irregularly shaped pores and a large specific
surface area of aerogels result in their heat capacity being 2–6
times greater than commonly used materials. Among the advan-
tages of aerogels, one should mention their low density, which
allows the production of ultralight materials. In addition, silica aero-
gels have good fire-resistant properties, which may contribute to
their use, among others, in clothing protecting against hot factors
[24]. The biggest disadvantage of aerogels is the high production
cost caused by the energy-intensive and time-consuming produc-
tion process. Another major disadvantage of silica aerogels is their
fragility and very high tendency to dust during their manipulation
[21,25]. The disadvantages presented significantly limit the use of
aerogel in its pure form. In order to use it, for example, in clothing
to increase its thermal insulation properties, its proper application
to the textile material is necessary [15–18,21].

Shaid et al. conducted research on the application of aerogels
to wool-aramid fabrics used to manufacture firefighter clothing.
The fabrics were coated with an acrylic binder containing silica
aerogel in various amounts and subjected to a 10-min treat-
ment at 105°C. It was found that even 2% aerogel content in
the coating significantly improved the thermal insulation proper-
ties of the material. The thermal resistance of the fabric mod-
ified with aerogel was 0.0199 m2 °C−1W−1 [26].

Miśkiewicz et al. used a technique of coating basalt fabric with an
adhesivemixture containing silica aerogel. Themixture consisted
of: aerogel, adhesive, wetting agent and flame retardant. By
applying aerogel to the fabric surface, its resistance to contact
heat was improved. The obtained results of fabric resistance to
thermal radiation also proved the beneficial effect of aerogel [27].

Krzemińska et al. worked on various fabric packages that con-
tained tunnels filled with aerogel. The packages were made in
the form of removable inserts that were to be placed in the
pockets of clothing from the inside. The inserts produced dif-
fered not only in the external material but also in their construc-
tion, as they contained 6, 7 or 10 tunnels filled with aerogel. The

packages obtained were characterized by at least twice as
much resistance to thermal radiation and convection heat and
showed increased resistance to contact heat for a contact tem-
perature of 250°C. A better effect was obtained for packages
with a larger number of tunnels [15].

The first research on the use of aerogel materials in clothing
was initiated by NASA and concerned space suits [28].

In response to NASA’s needs, Aspen Aerogels from the United
States produced a flexible nonwoven composite containing
aerogel (aerogel blanket) under the trade name Spaceloft™.
The composite was three times more effective compared to
the best clothing insulation on the market. In subsequent years,
CorpoNove applied the same composite to winter jackets,
which were tested during an expedition to Antarctica [15,16,29].

Modeling the structure of materials and simulations of physical
or chemical phenomena occurring inside them is an increas-
ingly popular tool supporting experimental research. When
it comes to materials used in protective clothing, the most
common phenomena that are the subject of modeling are those
related to the safety of the user of this clothing, their physiolo-
gical comfort [30–33] or ergonomics [34–39]. In these cases,
the subject of modeling is the mechanical properties of mate-
rials (e.g., resistance to impact, puncture, cutting or abrasion)
[40–43] and thermal properties (e.g., thermal insulation or
resistance to extreme temperatures). The increasing com-
puting power of computer equipment and the development of
specialist software enable the design of increasingly accurate
material models, reflecting the spatial geometry of actual mate-
rials with increasing precision and allowing for the modeling of
complex phenomena occurring during the analyzed process.
Modeling phenomena inside models of real materials used in
protective clothing, in addition to examining the relationship
between its structure and its functional properties, enables
the prediction of key critical parameters of clothing regulated
by standards guaranteeing user safety [44–50].

The research presented in this article is the next stage of study
on modeling heat transfer phenomena in protective clothing
[51–54] in which this time a composite made of an aerogel layer
cross-linked with Parylene C deposited using chemical vapor
deposition, chemical vapor deposition (CVD) technology and
combined with cotton fabric was proposed as a thermal insula-
tion layer. The subject of the research was cotton fabrics and
composites of various geometry and raw material compositions
containing aerogel and Parylene C coatings with potential use
in thermal protective gloves intended for firefighters, parame-
dics or workers in the metallurgical industry.

In the main part of the research 3D models of fabrics and com-
posites were designed using CAD software, in which heat
transfer simulations were performed in selected environmental
conditions. X-ray microtomography (micro-CT) was used to
precisely reproduce the geometry in the micro scale of the
designed models and the geometric parameters of real textiles.
Microtomography, in addition to precise determination of geo-
metric parameters of fabrics (fabric thickness, shape and dia-
meter of yarn), aerogel (layer thickness, wall thickness in
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microgranules) and Parylene C coating (coating thickness, its
content in fabric or aerogel), enabled precise determination of air
content (porosity) in the tested materials, which is a key factor
determining their thermal insulation properties. Moreover, in the
case of fabrics, in addition to total porosity, it was possible to
determine the porosity of the yarn, while in the case of aerogel,
additionally, closed porosity was determined at the microscale
level. Accurate measurements of air content in the tested fabrics
and composites allowed for the use of homogenization and taking
into account the representation of the actual porosity of the tested
materials in themodels without the need to reproduce the complex
arrangement of individual fibers in the fabric and the chaotic spa-
tial distribution of granules in the aerogel. The results of heat
transport simulations in the designed fabric and composite 3D
models were validated using experiments conducted under the
same ambient conditions with actual materials using a hot plate
and a thermography.

2. Experimental

2.1. Materials

The subject of the study was two cotton fabrics (unmodified and
with a Parylene C coating applied using CVD technology) and
two composites, the main layer of which was an ENOVA®

IC3110 aerogel (particle size range: 0.1–0.7mm; pore diameter:
∼20 nm; particle density: 120–150 kgm−3; surface chemistry:
hydrophobic; thermal conductivity: 0.012Wm−1 °C−1) made by
Cabot Corporation (Boston, Massachusetts, USA) [53].

In the two-layer composite α, the aerogel layer and the cotton
fabric were permanently bonded via a deposited Parylene C
coating via the CVD chemical vapor deposition process. The
two-layer α composite was the starting product for obtaining the
final three-layer composite β, which, in addition to the two
above-mentioned layers, also contained an unmodified cotton
fabric (which could simultaneously act as a thermal insulation

layer and, thanks to the unmodified cotton fibers ensuring sen-
sory comfort, as a lining).

To produce the composite β, an innovative method of com-
bining layers was used, which simultaneously ensured the dur-
ability of the connection of all three layers of the composite
while maintaining its resistance to high temperatures prevailing
in the work environment of the glove user. Modification of the
cotton fabric and aerogel surface by deposition of Parylene C
using the CVD technique enabled increased adhesion of both
layers and ensured a more durable connection of all three layers
in the composite. In addition, Parylene C, which penetrated deeply
into the aerogel layer, contributed to a better connection of its
microgranules and thus improved the mechanical durability of
this composite layer. The technology of obtaining the composite
β was described in more detail in the patent application [54].

The structure scheme and photos of both composites are pre-
sented in Figure 1, while the geometric parameters of the fab-
rics and composites are presented in Table 1.

The use of aerogel, due to its low thermal conductivity and
hydrophobic surface, enables their potential use as a thermally
insulating layer in gloves protecting the user from a hot work
environment. The use of cotton fabric can provide proper phy-
siological comfort (affecting the appropriate thermal balance
between the user and their environment) and sensory comfort,
in the case when the fabric will act as a lining in the glove.

The outcomes shown in Table 1 show that the sum of the
component layer thicknesses of both composites is greater
than the thickness of the composites. Parylene C coatings
were applied to both substrates using the Specialty Coating
System (Indianapolis, IN, USA), the scheme of which is shown
in Figure 2. A more detailed description of the technology used
was presented in the authors’ earlier work devoted to the study
of the effect of Parylene C coatings on the performance proper-
ties of flame-retardant fabrics [6].

Figure 1. (a) Construction scheme and (b) photos of two tested fabrics and two composites.
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The modification of the fabric and aerogel surfaces by deposi-
tion of Parylene C was used to increase the adhesion of both
layers and ensure a more durable connection of both layers in
the composites. In addition, Parylene C, which penetrated deep
into the aerogel layer, contributed to a better connection of its
microgranules and thus improved the mechanical strength of
this composite layer.

2.2. Methods

2.2.1. Material structure analysis

Thickness and mass per unit area of tested fabrics and compo-
sites were calculated according to PN-EN ISO 5084:1999 and
PN-EN 12127:2000, respectively [55,56].

Using optical microscopy, OM (Delta Optical Smart 5MP PRO,
Delta Optical, Warsaw, Poland) equipped with firmware: Delta
Optical Smart Analysis Pro 1.0.0), the following was performed:

• The photos of the fabric and aerogel surface were obtained and

• Identification of the report and weave in fabric.

Using micro-CT (SkyScan 1272; Bruker, Kontich, Belgium), the
following was performed:

• Statistical distributions of the thickness of the matter in the
component layers of both composites: in fabrics (cotton
fibers, Parylene C coating deposited on the fibers) and in
aerogel (wall thickness of aerogel microgranules, thickness
of Parylene C coating on aerogel granules),

• Parylene C coating volume per unit area of fabric,

• Parylene C coating volume per unit area of aerogel, and

• 3D visualizations tested fabrics and composites.

2.2.2. Thermal imaging

To study the impact of the fabrics and composites on their
thermal insulation properties, an experiment was carried out
using a flat heated plate (e-G51HP07C Guardian 5000 model,
OHAUS Europe GmbH) and a thermal imaging camera (FLIR
SC 5000 model made in Wilsonville). The scheme of thermal
imaging is shown in Figure 3.

Both fabrics and both composites were placed on the surface of
the plate at a constant temperature Tp of 50°C at an ambient
temperature Ta of 23°C. As a result of the difference in tem-
perature between the plate and the environment (equal to
27°C), heat was transferred from the plate to the colder sur-
roundings through the fabrics and composites lying on the
plate. Due to the heat flow, the samples gradually heated up
from the heat flowing from the plate and after some time their
temperature stabilized at a certain constant maximum value

Table 1. Physical parameters of tested fabrics and composites

Sample name Layer composition Thickness (µm) Mass per unit
area (gm−2)

Weave

Fabric Cotton fabric 440 214.00 Warp rib (2/2)

Coated fabric Cotton fabric with Parylene C
coating

460 326.74 Warp rib (2/2)

Composite α Cotton fabric with Parylene C
coating

460 1,360 494.62 Warp rib (2/2)

Aerogel with Parylene C coating 900

Composite β Cotton fabric with Parylene C
coating

460 1,800 919.12 Warp rib (2/2)

Aerogel with Parylene C coating 900

Cotton Fabric 440

Figure 2. Scheme of Parylene C coating method [54].
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Ttop. The increase in temperature over time of the upper surface
of the fabrics and composites was continuously recorded by a
thermal imaging camera placed above the plate.

2.2.3. Model designing

Three-dimensional models of real fabrics and composites pre-
sented in Figure 4 were designed using the SolidWorks 2014
(SP 3.0) CAD software [57].

The following geometric parameters were modeled during the
design of the cotton fabric: (1) fabric thickness, (2) weave, (3)
warp density, (4) weft density, (5) yarn thickness, and (6) ellip-
tical shape and cross-sectional size of the warp and weft yarns.
The yarns are designed as monofilaments (the fibers in the yarn

and the spaces between them are not reproduced). The layer
composed of aerogel microgranules was mapped as a cuboid
with the actual thickness of the layer (microgranules and free
spaces between them filled with air were not mapped). The 3D
models of both fabrics and both composites were characterized
by the following further simplifications. In the cotton fabric
model, the fabric thickness, weave, warp and weft density
and yarn diameter were assumed as constant geometrical
parameters. In the actual cotton fabric, the yarn geometry is
variable, as a result of friction forces of neighboring yarns, its
shape changes. In the aerogel layer model, its thickness was
assumed to be constant, and the matter distribution was uni-
form. In reality, the thickness of the aerogel layer in both com-
posites is variable because it depends on the spatial distribu-
tion of the aerogel microgranules.

In 3D models of tested fabrics and composites, an essential
issue was the correct representation of the air content (por-
osity) and the content of deposited Parylene C. It was assumed
that in the aerogel and in the cotton fabric yarn (both unmodified
and coated), their average porosity determined by micro-CT is
constant over the entire volume of these materials. The tomo-
graphy results showed that the deposited Parylene C did not form
a uniform continuous layer on the surface of the coated fabric
but penetrated the interior of the yarn through the free spaces
between the cotton fibers. A similar phenomenon was observed
in the case of the aerogel layer, in the shorter case Parylene C
penetrated through the free spaces between the granules and
settled on their external surface. In connection with the above,
air and cotton homogenization was used for the yarn model in
the fabric, while air, cotton and Parylene C homogenization was
used for the yarn model in the coated fabric. The coated aerogel
was similarly modeled, in which the homogenization of aerogel, air
and Parylene C was used. The shares of individual raw materials
in these models resulted from the mutual proportions in the yarn
and the aerogel layer calculated using microtomography. The use
of yarn homogenization in cotton fabrics allowed for the presence

Figure 3. Scheme of thermal imaging [54].

Figure 4. 3D models of two tested fabrics and two composites (dimensions 5.01mm × 4.86mm).
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of air (and Parylene C in the case of coated fabric) in the spaces
between the fibers to be taken into account without the need to
design them in the model, and for the influence of porous yarn
on the thermal insulation properties of both fabrics to be taken
into account. In the case of both composites, homogenization
allowed for the reproduction of the coated aerogel without the
need to reproduce the geometry of the aerogel microgranules,
the air filling the free spaces between the microgranules and the
geometry of the Parylene C coating present on the outer walls of
the microgranules.

The surface of all four models has been reduced to the same
size (5.01mm × 4.86mm) containing nine fabric reports.

2.2.4. Heat transfer simulations

The designed fabric and composite models were subjected to
heat transfer simulations under the same environmental condi-
tions as the experiment using the heated plate and thermo-
graphy was conducted. The simulations were carried out using
the finite volume method using the Solidworks Flow Simulation
2014 software [57]. The software used (Solidworks Flow Simu-
lation 2014) allows modeling heat transfer due to conduction
(in solids) and convection (in fluids and solids) using computa-
tional fluid dynamics and was used in the authors’ earlier works
in the same research area [51,52].

Three-dimensional fabric and composite models were placed
on the upper surface of the heated plate model (a cuboid with a
constant temperature Tp = 50°C), the area of which was iden-
tical to the surface area of the fabric and composite models
(5.01mm × 4.86mm). The heated plate model and the tested
model (fabric or composite) were placed inside the computa-
tional domain (filled with air at a temperature of Ta = 23°C) with
side walls adjacent to the side edges of the heated plate model
and a height of 7.5 mm (Figure 5).

To reduce the harmful effect of boundary conditions on the preci-
sion of calculations, periodic boundary conditions were imposed on
the computational domain, simulating the continuation of the tested
model (fabrics or composites) andmodel of the heated plate outside
the computational domain in all four horizontal directions.

Based on the results of the micro-CT structural analysis of the
fabric yarn porosity, coated fabric yarn porosity and the porosity of
the coated aerogel layer, the homogenization of the raw materials
from which these layers were made (presented in Table 2)with air
was applied to all four models, maintaining the mutual proportions
arising from the computed porosity and the content of a given raw
material (cotton, aerogel, ParyleneC). Based on the proportions of
air and rawmaterials (with physical parameters presented in Table 2)
for each layer of composites, the actual values (weighted average) of
these parameters were calculated, i.e., density, specific heat and
thermal conductivity coefficient.

The presentedmethod of designing textilemodels and themethod
of homogenization of rawmaterials used in them and the resulting
homogenization of their physical parameters were applied and
described in more detail in the authors’ earlier studies [51,52].

3. Results and discussion

3.1. Material structure analysis

Figure 6 shows photographs of the cotton fabric surface (a and b)
and the aerogel layer surface (c and d) taken at two different
magnifications. The photographs show the fabric weave (warp
rib (2/2)) and the size distribution of aerogel microgranules, which
according to the manufacturer range from 0.1 to 0.7mm.

Figure 7 presents three-dimensional micro-CT visualizations of
all four tested materials. Based on the visualization of the
coated fabric, it can be observed that the Parylene C deposited
using CVD technology did not form a continuous layer on the
fabric surface but penetrated into the interior of the porous
cotton yarn.

Figure 5. Initial conditions of heat transfer simulations inside computa-
tional domain.

Table 2. Physical parameters of raw materials used in heat transfer simulations [51,52]

Physical parameter Cotton Parylene C Aerogel Air

Density (kgm−3) 1,550 1,289 130 1.2

Specific heat (J kg−1 °C−1) 1,330 712 1,800 1,005

Thermal conductivity (Wm−1 °C−1) 0.072 0.08 0.012 0.03
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A similar phenomenon was observed in the case of the aerogel
layer in the composite α and composite β. The loose packing
of the aerogel granules allowed the Parylene C particles
to penetrate into the layer and form a coating on the outer
wall of the microgranules in the entire volume of the aerogel
layer.

Figure 8a shows the thickness distributions of the fibers in the
fabric yarn, the fibers in the coated fabric yarn and the Parylene
C layer in the coated fabric. According to them, it can be stated
that the cotton fiber thickness distribution in the fabric is in the
range of 4–76 µm. The largest part of the yarn volume in the
fabric (45%) is fibers in the range of 13–22 µm, and the average
fiber thickness is <dF> = 27 ± 11 µm. As a result of the deposi-
tion of Parylene C, the fiber thickness distribution in the coated
fabric widened toward higher values and was in the range of
4–130 µm. It is likely that Parylene C penetrated the yarn during
deposition and settled on the fibers, causing them to stick
together and thus contributing to their thickening. In the case

of the coated fabric, the average fiber thickness was <dCF> = 56
± 28 µm. The Parylene C layer thickness distribution in the
coated fabric shows that Parylene C was deposited in layers
with thicknesses ranging from 4 to 67 µm, with an average layer
thickness of <dP> = 19 ± 8 µm and the amount of Parylene C
per unit area of fabric being <VP/F> = 4 mm3 cm−2. Figure 8b
shows the effect of Parylene C deposition on the porosity of
cotton fabric. According to the results, the deposition of Pary-
lene C reduced the porosity of the yarn by 13% and thus the
porosity of the whole fabric by 6%.

Figure 8c shows the wall thickness distributions of the aerogel
microgranules, the walls of the coated aerogel microgranules
and the Parylene C layer on the walls of the aerogel microgra-
nules. According to them, it can be stated that the wall thick-
ness distribution of the aerogel microgranules is in the range of
4–94 µm, and the average wall thickness is <dG> = 28 ± 13 µm.
As a result of the deposition of Parylene C, the wall thickness
distribution of the coated aerogel broadened toward higher

Figure 6. Optical microscopy images of cotton fabric (a and b) and aerogel (c and d).

Figure 7. 3D micro-CT visualizations of two tested fabrics and two composites (surface area: 3 mm × 3mm).
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values and was in the range of 4–130 µm. Parylene C, which
during deposition penetrated into the interior of the aerogel
layer and deposited on the microgranules, caused and in this
way contributed to the increase in their size. In the case of the
coated aerogel, the average microgranule wall thickness was
<dCG> = 52 ± 22 µm. The Parylene C layer thickness distribu-
tion in the coated aerogel shows that Parylene C was deposited
in layers with thicknesses ranging from 4 to 94 µm, the average
layer thickness was <dP> = 21 ± 9 µm, and the amount of Par-
ylene C per unit area of aerogel was <VP/G> = 10 mm3 cm−2.
Figure 8d shows the effect of Parylene C deposition on the
porosity of the aerogel layer. According to the results, the
deposition of Parylene C resulted in a reduction of the total
aerogel porosity by 13.1% and a slight increase of the open
porosity by 0.3% (probably due to the covering of the open
pores in the aerogel microgranules by the Parylene C coating).

3.2. Thermal properties

Figure 9a shows the curves of the dependence of the tempera-
ture of the top surface of the tested fabrics and composites, Ttop

on the time of exposure to heat from the heated plate obtained
during thermal imaging.

Depending on the geometry and composition of the raw mate-
rial, these materials reached different maximum temperatures.

As expected, the thickest of the tested materials – composite β,
which reached a temperature of Ttop = 39.8°C, proved to be the
most thermally insulating material, while the coated fabric,
which reached a maximum temperature of Ttop = 49.0°C,
proved to be the least thermally insulating. The unmodified
fabric, which reached a maximum temperature of Ttop =
48.5°C, turned out to be only slightly more thermally insulating.
The small but noticeable difference was probably caused by the
fact that the deposited Parylene C in the coated fabric reduced
its porosity, thus affecting the deterioration of its thermal insula-
tion properties. In the lower right corner of Figure 9a, thermo-
grams showing the temperature distribution on the surface of
the tested fabrics and composites at the moment of obtaining a
steady state (exposure time – 6min) are presented. To reduce
the negative influence of boundary conditions on the results
of the thermal imaging camera measurements, the temperature
of the top surface Ttop of the samples (in the form of squares
with a side of about 3 cm)was recorded from the area limited by
a square with a side of 2 cm located in the central part of the
upper surface of each sample. Figure 9b shows a comparison
of the results of the temperature of the upper surface of fabrics
and composites obtained by means of thermal imaging and by
means of modeling. The results are correlated with each other,
however, for each tested material, the Ttop determined experi-
mentally is higher than the corresponding value determined by
means of heat transfer simulations through their three-

Figure 8. Results of microtomography analysis of tested fabrics and composites. (a) Thickness distribution of fabric, coated fabric and Parylene C
coating on fabric; (b) fabric porosity; (c) thickness distribution of aerogel, coated aerogel and Parylene C coating on aerogel; and (d) aerogel
porosity.

AUTEX Research Journal, Vol. 25, No. 1, 2025, 20250042, DOI 10.1515/aut-2025-0042

8



dimensional models. The greatest agreement of the simulation
results with the experimental results was obtained for less com-
plex models of both fabrics. In the case of unmodified fabric, the
difference in the Ttop value is 0.7°C, while for the coated fabric,
it is 0.4°C and is within the range of temperature measurement
uncertainty (±1°C) resulting from the thermal imaging camera
specification. For more complicated models of both composites
in spatial geometry, the differences are clearly greater and
amount to 1.3°C for composite α and 2.2°C for composite β,
respectively. The differences in the deviations of the experi-
mental results from the simulation results may have a number
of causes. On the one hand, they may result from the uneven
distribution of matter in real fabrics and composites, which was
assumed during the design of their three-dimensional models.
The reason for the discrepancy in the results could also be the

imprecise initial conditions of the modeling, which assumed that
all fabrics were perfectly flat and all layers in the composites
were perfectly matched to each other, and all materials exactly
adhered to the heated plate with their entire lower surface.
Figure 9c shows the temperature distributions on the surface
of the three-dimensional models after reaching the steady state
(6min of exposure to the heat of the heated plate). The models
show a layered horizontal flat temperature distribution, which
does not show a negative influence of the boundary conditions,
which indicates correctly selected periodic boundary conditions
imposed on the computational domain. For each model, the
temperature to which the top surface Ttop of each model was
heated after reaching the steady state is given. Based on the
modeling results, heat losses in both fabrics and in individual
layers of both composites were computed and shown in the pie

Figure 9. Thermal imaging and simulation results of tested fabrics and composites. (a) Dependence of the temperature of the top surface of the
tested fabrics and composites, Ttop on the time of exposure to heat from the heated plate and thermograms obtained during thermal imaging; (b)
comparison of the thermal imaging and modeling results; (c) temperature distributions on the surface of the three-dimensional models after
reaching the steady state; and (d) heat losses in both fabrics and in individual layers of both composites.
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charts. Based on the modeling results, heat losses in both fab-
rics and in individual layers of both composites were deter-
mined and shown in pie charts in Figure 9d. The charts show
that in both composites the thickest layer made of coated
aerogel constituted the greatest thermal barrier, retaining
57% of heat in composite α and 44% of heat in composite β.

It should be noted that the presented studies concerned only
the problem of thermal insulation as one of several related to
the potential use of the composites produced in thermal protec-
tive gloves. The composites produced require additional tests
of resistance to three types of heat (contact, radiation or flame)
conducted according to appropriate safety standards, which will
be the aim of further studies. In addition, the composites pro-
duced will be tested for resistance to mechanical impact, typical
to which the glove is exposed (cyclic bending, compression,
tearing, puncture, friction). If the appropriate conditions are
met, they will be used to create gloves.

4. Conclusions

The main objective of this study was to model heat transfer
through cotton fabrics and composites containing aerogel and
Parylene C coatings with potential application in thermal pro-
tective gloves. In the experimental part of the work, heat
transfer measurements were performed through fabrics and
composites under normal ambient conditions using a heated
plate and thermal imaging. Then, geometric parameters of fab-
rics and composites were precisely determined using micro-CT
and based on them, three-dimensional models were designed
using CAD software. Based on the precise micro-CT analysis
of the spatial geometry of the tested materials in the microscale,
homogenization was used without the need to map the
complicated fiber arrangement in fabrics, Parylene C coatings
in fabrics and aerogel in composites. Then, heat transfer simu-
lations were performed through three-dimensional models of
fabrics and composites by applying the finite volume method
under the same ambient conditions as the experiment was
conducted.

By comparing the results obtained in heat transfer modeling
and the experiment verifying them, the following conclusions
can be drawn:

• Reproduction of subtle differences in the spatial geometry
and porosity of fabrics and composites (determined by
micro-CT) in the designed 3D models revealed noticeable
differences in the simulated heat flow,

• Despite numerous simplifications in structure and the appli-
cation of homogenization, the 3D models of tested materials
allow for the prediction of heat flow through actual fabrics with
a dissimilarity of up to 0.7% and composites up to 5.5% com-
pared to the experimental results,

• The used modeling method is a useful way enabling accurate
forecast of heat flow through single-layer fabrics and multi-
layer composites with complicated spatial geometry before

starting the manufacture of protective gloves, which can
translate into savings in terms of raw materials, energy and
labor costs as well as time needed for their production.
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