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ABSTRACT

In recent years, thermal effusivity, a property that describes the warm or cool touch perception,
has gained significant attention in the apparel industry as it contributes to human
thermophysiological comfort. The current study aims to explore the thermal effusivity of 27
sportswear fabrics, including woven and knitted structures with various fiber contents, using the
stacked method (according to ASTM D7984-21) and a modified air-hoop method. The results
obtained revealed that the pressure range specified in ASTM D7984-21 (10 to 50 kPa) may cause
fabric compression, resulting in the measurement of a material-based thermal effusivity rather
than the fabric thermal effusivity. A pressure of 1 kPa was found to be more appropriate for
obtaining accurate measurements of sportswear fabrics without altering their three-dimensional
structure. Furthermore, a strong correlation was observed between the stacked and air-hoop
methods for fabrics with thicknesses close to or greater than 0.4 mm. The air-hoop method
simulates the configuration when the fabric is worn as part of a garment. The new knowledge
provided by this research will enhance the accuracy of the thermal effusivity measurement of
sportswear fabrics. It will contribute to the development of more comfortable fabrics considering
realistic garment use scenarios.
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Introduction

The measurement of thermal effusivity has recently gained substantial attention in the
clothing, cosmetics, automotive, and medical industry as it influences human thermal comfort
perception'>. When touching an object at a certain temperature, the human body’s
thermoreceptors on the skin may sense a temperature drop due to heat absorption by the object®.
The ability of a material at a lower temperature to absorb thermal energy from a warmer region
(e.g., the human skin) is referred to as thermal effusivity (or absorptivity)’. Accordingly, it
determines the thermal (i.e., warm or cool) touch perception of materials under specific ambient
conditions®. For instance, a t-shirt made of cotton might provide a cooler touch perception than a
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t-shirt made of polyester with the same structural features under the same conditions due to the
higher thermal effusivity of cotton fibers’.

When wearing clothes, heat transfer occurs between the human body and the
environment through the clothing ensemble!’. The traditional way of measuring the heat transfer
characteristics of fabrics is via the dry thermal resistance, which determines the clothing heat
transfer property under steady-state conditions'!. Steady-state heat transfer occurs when the
temperature gradient is constant on both sides of the cloth, i.e., when the amount of heat entering
the fabric from one side (e.g., the side touching the skin) and the amount of heat leaving from the
other side (e.g., the side is exposed to air) are equal'?. Transient heat transfer through the fabric
is observed before reaching the steady state; the amount of heat entering and leaving the cloth are
not equal. Heat transfer can take place during sports activities for instance. The human body
generates metabolic heat and sweat, which undergoes condensation, absorption, evaporation, and
wicking in the fabric. All these mechanisms contribute to heat flow through the fabric, which can
be transient or steady state depending on the net result of the system. The thermal touch
perception of fabric materials originates from the transient heat transfer at the skin-cloth
interface and is described as the thermal effusivity of fabrics in literature'>.

The first attempt to determine the thermal energy transfer through textile fabrics was
made in 1930 by Marsh!3. They developed an instrument to measure the thermal absorption of
fabrics, which consisted of a copper cylinder surrounded by a guard ring. During the experiment,
the fabric specimen was mounted on the top of the copper cylinder. The cylinder was powered so
that its temperature reached skin temperature. The fabric thermal absorption was estimated from
the amount of electrical energy needed to maintain the temperature in the copper cylinder at a
constant value. During the 1970s, Kawabata and Akagi did some groundbreaking work to
determine the thermal touch perception of textiles'® I°. They developed an instrument that was
capable of estimating the maximum heat flux (Q,,,4,) through fabrics due to transient heat
transfer. Further development led to an instrument named Thermolabo that could measure Q4
at 0.2 sec after establishing the contact between the fabric and the sensor'?. Yoneda and
Kawabata'® showed that Q,,,, and the heat diffusion rate (1) between the skin and the fabric
(Equation 1) have a strong positive correlation. They associated A with the cool touch property of
the fabric.

1= ((p-Cp-K)/a0)) M
Here K is the thermal conductivity, p the material density, and C, the specific heat
capacity. The authors defined « as the heat content per unit contact area.

Obata modified Equation 1 to yield what is defined as the thermal effusivity E and is
provided as Equation 2'7.

E =V(p.Cp.K) ?2)

A higher value of thermal effusivity implies a superior cool touch perception. The first
thermal effusivity sensor was developed by Mathis in the late 1990s!®. A modified version of this
sensor called the MTPS (Modified Transient Plane Source) sensor was produced by Emanuel in
2001. The working principle of the MTPS thermal effusivity sensor is different from that of the
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Qmax sensor. The MTPS measures the temperature change at the interface between the sensor
and the fabric specimen, which corresponds to what skin thermoreceptors would perceive'®,

Several studies have assessed the thermal effusivity of fabrics as a part of their research
program. For instance, Bedek et al.! characterized the thermal effusivity of knitted fabrics using
Omax measured under 1 gf/cm? pressure with a temperature difference of 10°C between the sensor
and the cloth. Their study found that the thermal effusivity of knitted fabrics had a strong
positive correlation with the thermal conductivity, while it had a strong negative correlation with
the water vapor permeability index (as described in ISO 11092). Pavlovi¢ et al.'? theoretically
estimated the thermal effusivity of fabrics made of natural (i.e., cotton and hemp) and
regenerated (i.e., viscose) fibers using Equation 1. The results revealed that a fabric made of a
blend of cotton/hemp fibers exhibited a higher thermal effusivity than other blends as well as
mono-fiber compositions. In contrast, the experimental work of Komarkova, Glombikovéa, and
Havelka’ using the MTPS system showed that an increased proportion of cotton fibers in the
blend led to superior thermal effusivity for socks made of various cotton/synthetic fiber blends.
Abu-Rous'® reported that the presence of regenerated cellulosic fiber in the fabric system
increased thermal effusivity of blended fabrics due to the high moisture regain of fibers.

Marolleau et al.>’ measured the thermal comfort properties of 1x1 interlock knitted
fabrics while varying the fabric thickness and mass per unit area (g/m?). The study found that
fabric thickness and air permeability were negatively correlated with thermal effusivity measured
using a hot circular plate, while fabric mass and porosity did not show any association with it.
Guru and Choudhary?! investigated the effect of chemical finishes (i.e., moisture management,
UV resistance, anti-microbial, and soil-release finishes) on the thermal effusivity of sportswear
knit products. The fabrics with a moisture management finish displayed superior thermal
effusivity. Siddique et al.?? explored the thermal effusivity of compression socks at different
states of elongation in the elastic range (from 0 to 70%) using the MTPS sensor. Some
compression socks exhibited an increase, while others exhibited a decrease in thermal effusivity
with elongation.

Sokolowski et al.!* investigated the thermal effusivity of sportswear T-shirt fabrics made

of knit structures. The thermal effusivity of fabrics was assessed using the MTPS sensor under a
50 kPa pressure and stacking layers of fabrics to reach a 1-mm thick assembly following the
ASTM D7984-21 standard test method. They found that the t-shirt sportswear fabrics had
significantly different thermal effusivity values if they placed the technical face or backside up.
The study also showed that fabric mass per unit area was a significant predictor of thermal
effusivity, whereas fabric thickness was not a significant predictor of it. Abu-Rous et al.??
conducted a comparative study of the thermal effusivity of various woven and knit fabrics using
four different types of apparatus: (i) the Thermal Effusivity Tester (TET) developed by Lenzing
AG, (i1) Alambeta, (ii1) TCi Thermal Conductivity Analyzer, and (iv) Kawabata KES-F
instrument. For most fabrics except for the thickest ones, the study revealed a satisfactory
agreement in terms of thermal effusivity result between these different techniques. The
discrepancy observed for the thickest fabrics was attributed to variations in the pressure applied
on the fabric specimens during the test.
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Despite all the above, some concerns remain regarding the standard test method and how
it can quantify fabrics’ thermal effusivity in a manner that is relevant to garments in use. First, as
fabrics are highly compressible, it is critical to ensure that the pressure applied on the fabric
specimen during the test - 10 kPa to 50 kPa according to the standard® - does not affect its 3D
structure, including its porosity. However, the effect of pressure on the thermal effusivity has not
been discussed in previous studies. Most studies have conducted the thermal effusivity
experiment using the pressure range specified by the standard (ASTM D7984-21). Second, since
several layers of fabric generally have to be stacked to reach the minimum of 1 mm thickness
specified for the test to be conducted, it is important to verify that the heat transfer at the
interface between the layers does not affect the thermal effusivity measurement. Third, in the
configuration used in the standard test method, the fabric stack is sandwiched between the sensor
and a solid presser foot. However, when clothes are worn, one side is in contact with the skin
while the other side is exposed to the ambient air.

With the aim of addressing these research gaps, the current study investigated the effect
of pressure and number of stacked layers on the thermal effusivity results measured using the
stacked method for a series of sportswear fabrics, revealing issues with the test conditions
mentioned in the corresponding standard test method. We also explored a novel thermal
effusivity measurement technique, the air-hoop method, that allows characterizing the thermal
effusivity of sportswear fabrics in a configuration that is closer to the scenario when fabrics are
worn as part of the single-layer garment.

Materials and Methods
MATERIALS

A total of 27 commercial sportswear fabrics, including both woven and knit structures,
were obtained. These fabrics are used for single-layer sports garments, specifically for yoga,
running, exercising, and training. The information related to the fiber composition, fabric
structural feature, fabric count, mass per unit area, thickness, and porosity are listed in Table 1.
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TABLE 1. Fabric characteristics

Fabric
Code

F1

F2

F3

F4

F5

Fo6
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Fiber content

86% Polyester, 14% Elastane

51% Nylon, 38% Polyester, 8%
Elastane, 3% X-static®

71% Pima cotton, 24% Lyocell
regenerated cellulose, 5%
Elastane

82% Nylon, 18% Elastane

91% Nylon, 9% Elastane

60% Recycled polyester, 33%
Nylon, 2% X-static®, 5%
Elastane

Structure

Plain
(woven)

Single
jersey (weft
knit)

Single
jersey (weft
knit)

Single
jersey (weft
knit)

Single
jersey (weft
knit)

Single
jersey (weft
knit)

Fabric count

(yarn/cm)
Warp/  Weft/
wale course

50 40
16 38
18 26
15 26
14 26
13 25

Mass per unit
area (g/m?)

127+3

134+2

180+ 4

326+3

238+5

175+2

Thickness
(mm)

0.349 + 0.004

0.45+0.01

0.67 +0.01

0.90 +0.01

0.81+£0.01

0.66 £0.01

Porosity
(“e)

72

76

82

70

75

80



F7

F8

F9

F10

F11

F12

F13

F14

F15

Page 7 of 27

81% Nylon, 19% Elastane

77% Nylon, 23% Elastane

56% Polyester, 33% Coolmax®,
11% Elastane

82% Nylon, 18% Elastane

69% Nylon, 31% Elastane

40% Pima cotton, 37% Nylon,
13% Lyocell regenerated
cellulose, 10% Elastane

92% Pima cotton, 8% Elastane

87% Nylon, 13% Elastane

82% Polyester, 18% Elastane

Interlock
(weft knit)

Single
jersey (weft
knit)

Single
jersey (weft
knit)

Interlock
(weft knit)

Interlock
(weft knit)

Single
jersey (weft
knit)

Single
jersey (weft
knit)

Single
jersey (weft
knit)

Tricot (warp
knit)

23

19

16

22

17

17

15

24

16

34

38

22

32

34

26

26

34

18

234+3

250+ 2

141 +2

240+ 4

223 +£7

166 + 2

131+3

199+3

126 +3

0.80+0.01

0.66 = 0.00

0.50 £ 0.01

0.90 £0.01

0.65+0.01

0.45+0.01

0.54+0.01

0.58 £0.01

0.46 +£0.01

75

68

79

78

72

73

84

71

80



F16

F17

F18

F19

F20

F21

F22

F23

F24
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100% Recycled polyester

84% Nylon, 16% Elastane

83% Nylon, 17% Elastane

54% Nylon, 40% Recycled
polyester, 3% Elastane, 3% X-
static®

49% Nylon, 43% Recycled
polyester, 4% Elastane, 4% X-
static®

60% Nylon, 38% Wool, 2%
Elastane
77% Nylon, 23% Elastane

91% Polyester, 9% Elastane

100% Polyester

Plain
(woven)

Interlock
(weft knit)

Interlock
(weft knit)

Single
jersey (weft
knit)

Single
jersey (weft
knit)

Jacquard
(weft knit)

Interlock
(weft knit)

Jacquard
(woven)

Single
jersey (weft
knit)

72

31

32

16

15

11

24

58

23

60

38

36

27

25

18

47

32

34

61=+1

212+£2

202+ 4

161 +£2

143 +3

674 +9

251+3

216 £2

108 + 1

0.083 £0.003

0.61£0.01

0.64 £0.01

0.68 £0.01

0.66 +0.01

2.19+£0.02

0.72 £0.01

0.60 £ 0.01

0.40+0.01

47

71

73

81

83

75

71

74

81



F25

F26

F27
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53% Elastomultiester polyester,
47% Recycled polyester

53% Elastomultiester polyester,
47% Recycled polyester

70% Cotton, 30% Polyester

Interlock 13
(weft knit)
Interlock 13
(weft knit)
Single 9

jersey (weft
knit)

22

22

13

229+3

225+3

322+4

0.513 £0.004

0.50 £ 0.01

1.63 £0.02

67

67

86



TEST METHOD
Thermal effusivity

The thermal effusivity of fabrics was evaluated using a modified transient Plane Source
(MTPS) instrument (TCi-3-A, C-Therm, Canada) following ASTM D7984-21%. This standard
specifies the use of the stacked method for the measurement. After being conditioned at 20°C
and 65% RH, several layers of the same fabric are mounted over the MTPS sensor to make the
stack height at least 1 mm (Figure 1a), which corresponds to the size of the heat pulse released
from the sensor toward the fabric specimen. The presser foot of the pressure gauge is lowered to
apply a certain pressure on the specimen stack. The standard specifies that this pressure should
be between 10 and 50 kPa. In this study, we also explored the use of lower values of the pressure
applied on the specimen stack, down to 0.5 kPa. Then, the thermal effusivity measurement is
performed. The MTPS equipment also provides a measurement of the thermal conductivity of
the fabrics.

FIGURE 1. Thermal effusivity measurement setup for (a) stacked and (b) air-hoop method.

Inner
ring

(a)

Minimum layered
thickness of fabric |

15 1 mm

_ Hin_ge

- A :
Stacked Method Air Hoop Method

Tests were also conducted using the air-hoop (Figure 1b), which only requires one layer
of fabric for the measurement of thermal effusivity. The side of the specimen not in contact with
the MTPS sensor is exposed to ambient air. While securing the specimen in the air-hoop frame,
great care was taken to avoid applying any stretch to the fabric. Different values of pressure
between 0.5 and 2 kPa were applied for the measurement using the air-hoop. The specimens
were positioned so that the technical back of the fabric was in contact with the MTPS sensor. For
the measurement, the instrument was located in a room at 20°C and 65% RH.

Fabric structure and count

Fabric structure and count were assessed using a stereomicroscope (Stemi 508, Zeiss,
Germany). The fabric specimen was placed on a transparent platform and observed in reflection and
transmission light mode. Each fabric was observed at five different locations.
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Fabric mass per unit area

The fabric mass per unit area was determined in accordance with ASTM D3776-20%.
Fabric specimens were cut in 10cm X 10cm dimensions, and no two replicates were from the
same set of warp/wale and weft/course. The specimens were conditioned at 20°C and 65% RH
for a minimum of 24 hours and then weighed using a high-precision balance scale (PM2500
DeltaRange®, Mettler Toledo, Switzerland). Five replicates were measured for each fabric.

Fabric thickness

Fabric thickness was measured using a thickness tester (CS-55, Custom Scientific
Instruments Inc, USA) under a 1 kPa pressure following the CAN/CGSB-4.2 No. 37 standard
test method®. The thickness values were obtained in inches and converted into mm. Five
replicates were measured for each fabric.

Compressive strain

Fabric compressive strain was measured using a thermomechanical analyzer (TMA
Q400, TA Instrument, USA) at 25°C with a 2.80-mm diameter probe. The measurement was
performed by increasing the pressure applied on the fabric specimen up to 50 kPa at a rate of
0.0001 kPa.min!. The compressive strain was calculated using Equation 3. Three replicates were
measured for each fabric.

Intial thickness — Thickness at load
Initial thickness

Compressive strain =

3)

Fabric porosity

The volumetric porosity (&,) of the fabrics was estimated using Equation 4%, The term
volumetric porosity refers to the volume of void space in the fabric structure divided by the total
volume of the fabric. This void space includes the void spaces in fibers, yarns, and fabric. The
range of fabric porosity is 0 < &, < 1. &, close to zero represents an almost non-porous fabric
structure, while &, close to 1 indicates a highly porous fabric structure. In Equation 4, ppapyric
represents the fabric density, which was estimated from the fabric mass per unit area divided by
the thickness. The fiber density (pgiper) Was estimated from the weighted average of the density
of the different fibers present in fabrics using the fiber content values in Table 1.
rver @

& = 1-—

Statistical analysis

Different statistical analyses were conducted, such as ANOVA, correlation analysis,
linear regression, and moderation analysis?’, to support the discussion. A significant level of .05
was used. ANOVA was conducted to explore whether there was a significant difference in
thermal effusivity results among various groups. For the reliable interpretation of results, the
underlying conditions of ANOVA (such as normal distribution of data and homogeneity of
variance) were confirmed. The one-tailed Pearson’s correlational analysis was carried out to
study the relationship between thermal effusivity and fabrics’ physical properties. This analysis
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reveals the type of relationship between variables (positive or negative), the strength of that
relationship (from Pearson’s correlation coefficient, r), and the significance level of the
correlation. It was verified that the four requirements of Pearson’s correlational analysis were
satisfied: (a) interval or ratio data types, (b) linear relationship between variables, (c) absence of
outliers, and (d) normally distributed data.

Linear regressions were performed to find the best-fit trendline between the stack and air-
hoop methods. It was verified that the linear regression analysis assumptions (such as
independence of error, normal distribution of residual errors, homoscedasticity, multicollinearity,
linearity, and non-zero variance) were satisfied®’. Lastly, moderation analysis was conducted to
explore the effect of a third variable (i.e., fabric thickness) on the relationship between the two
other variables (i.e., stack and air-hoop methods). The assumptions of the moderation analysis
were also validated before running the analysis. The moderation analysis is a type of linear
regression, so it has the same underlying assumptions as linear regression.

Results
THERMAL EFFUSIVITY OF SPORTSWEAR FABRICS BY THE STACKED METHOD
Effect of applied pressure

Four fabrics (F1, F2, F3, and F4) corresponding to two types of fabric structures (woven
and knitted) and a wide range of masses per unit area (127 to 326 g/m?) were selected to study
the effect of the pressure applied by the presser foot on the fabric stack on the effusivity results.
The values of applied pressure used covered the 10 to 50 kPa range specified in the ASTM
D7984-21 standard test method®. Pressures lower than 10 kPa were also included in the test
matrix.

Figure 2a shows the variation of the thermal effusivity results of these four fabrics (F1,
F2, F3, and F4) as a function of the pressure. Because these fabrics had different thicknesses, the
number of layers in the stack varied depending on the fabric: three layers were used for Fabric
F1 and F2, and two layers were used for Fabric F3 and F4. The results indicate that the thermal
effusivity of these four fabrics increased with the pressure applied. The same trend was observed
for the thermal conductivity to which thermal effusivity is related, as described in Equation 2
(Figure 2b). This trend in the variation of thermal conductivity with applied pressure can be
attributed to the fact that fabrics are compressible?®. The compressibility of fabrics (such as
woven, knit, spacer, nonwoven, and sponge fabrics) generally ranges between 16 and 88%%.
When the applied pressure increases, the density of the fabric increases due to the decrease in the
fabric thickness. As a result, the size of the air-containing pores in the fabric is reduced. Air has a
lower thermal conductivity compared to fiber materials®®. This could explain why the thermal
conductivity measured on the four fabrics at low applied pressure is lower compared to the
thermal conductivity under higher applied pressure.
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FIGURE 2. Effect of applied pressure on (a) thermal effusivity and (b) thermal
conductivity of Fabric F1, F2, F3, and F4 using the stacked method
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Another observation when looking at the data in Figure 2 is that there is a change in the
fabric ranking between the low and high applied pressure regimes. More specifically, Fabric F3
has the second lowest values of thermal effusivity and conductivity below 10 kPa, while it has
the highest value at 50 kPa. On the other hand, the other fabrics kept the same ranking over the

range of applied pressures used: F4 was the lowest and F1 was the highest between F1, F2, and
F4.

In order to determine the reason for this change in the ranking of the four fabrics’ thermal
effusivity at the different applied pressures, compressibility tests were conducted using TMA.
Figure 3a shows the results in terms of compressive strain for the four fabrics between 0 and 50
kPa. It is observed that F3 had the highest compressive strain above 20 kPa. This suggests that
F3 is more compressible than the other three fabrics. As a result, the air is more readily expelled
from Fabric F3 when high pressure is applied on the fabric stack by the presser foot. This can
also be observed from the increase in the fabric density, computed from the TMA data, as a
function of applied pressure (Figure 3b). As a result, Fabric F3’s thermal effusivity and
conductivity experience a larger increase with increased applied pressure than the three other
fabrics.

Fabric F3 had the highest thermal effusivity and conductivity values at 50 kPa applied
pressure. This result can be related to the difference in fiber content between the four fabrics.
Fabric F3 includes 71% cotton fibers, while the three other fabrics are made of a combination of
synthetic and regenerated cellulose fibers, such as polyester, nylon, elastane, lyocell, and X-
static®. Previous studies have reported that cotton fibers exhibit high thermal conductivity and
effusivity compared to synthetic and regenerated cellulose fibers due to the high crystallinity of
cotton fibers”3!-32, The highest thermal effusivity and conductivity values exhibited by Fabric F3
at 50 kPa pressure can thus be attributed to the higher thermal effusivity and conductivity of
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cotton fibers. This shows that, as air trapped in the fabric’s structure is expelled at high applied
pressure, the thermal effusivity experiment provides a measurement of the material-based
thermal effusivity rather than the fabric’s thermal effusivity.

FIGURE 3. (a) Compressive strain and (b) calculated change in density of Fabric
F1, F2, F3, and F4 under 0 to 50 kPa applied pressures.
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However, the amount of applied pressure used to conduct the thermal effusivity
experiment should mimic the pressure level of textiles during use. For instance, an applied
pressure of 13.8 kPa was used to simulate the compression experienced by firefighters’
protective clothing while in operation®. Mirjalili et al. reported that the contact pressure between
the human body and the cloth layer usually varies between 1 to 2 kPa**. Clothing pressure up to
1.5 kPa was identified as comfortable®>.

In the case of sportswear fabrics, they mostly drape over the body with a minimum level
of stress*®37. The lowest value of applied pressure tested here for the thermal effusivity
measurement was 0.5 kPa. However, at this value of applied pressure, the presser foot was not
able to create proper contact between the fabric specimen and the MTPS sensor. The lowest
applied pressure providing consistent thermal effusivity measurements was 1 kPa. This is the
same pressure recommended for fabric thickness measurement in the CAN/CGSB-4.2, No. 37
standard test method®. As this applied pressure of 1 kPa represents the best compromise
between the need to have good contact between the fabric and the MTPS sensor and the
preservation of the fabric’s 3D structure, we have used this value for the thermal effusivity
measurements using the stacked method presented in the next sections of this article.

Effect of the number of layers in the stack

Measurements were conducted to determine the effect of the number of layers of Fabric
F1 and F4 in the specimen stack on the thermal effusivity results under 1 kPa applied pressure.
These two fabrics were selected as they correspond to two extreme fabric thicknesses among the
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four fabrics, with Fabric F1 being 0.349 mm thick and Fabric F4 being 0.90 mm thick. Figure 4
shows the thermal effusivity results when the number of layers varied between one and seven.

In the case of Fabric F4, the thermal effusivity values were not affected by the number of
layers in the stack (ANOVA: p =.158). This can be attributed to the fact that the fabric thickness
is very close to the penetration depth of the pulse released from the MTPS sensor, which is
approximately 1 mm (ASTM D7984, 2021). On the other hand, the thermal effusivity of Fabric
F1 strongly increased between one and two layers and then appeared to reach a plateau for stacks
of three layers and more (ANOVA: p = .237). This indicates that at least three layers of Fabric
F1 are needed to match the penetration of depth of the heat pulse released from the MTPS
sensor.

FIGURE 4. Effect of the number of fabric layers stacked on the thermal effusivity results
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Effect of fabric density

The thermal effusivity of the 27 fabrics listed in Table 1 was measured using the stacked
method under an applied pressure of 1 kPa. Figure 5 displays the variation of the log of the thermal
effusivity of these 27 fabrics as a function of the log of the product of the fabric density and thermal
conductivity based on Equation 2. In this equation, the thermal effusivity is related to the square
root of the product of the fabric density, thermal conductivity, and heat capacity. The value of
thermal conductivity was provided by the MTPS instrument. The density of these 27 fabrics was
calculated from the mass per unit area divided by the fabric thickness. The data in Figure 5 can be
described relatively well by a linear fit. The slope of the linear fit has a value close to 0.7, which
differs from the value of 0.5 expected from Equation 2. This deviation can possibly be attributed
to the fact that the heat capacity of the different fabrics has not been taken into account in the data
plotted in Figure 5. As the heat capacity of fabrics is mainly controlled by their fiber content and
fabric structure®? 38, variations are expected between the 27 fabrics. However, the fact that the
coefficient of determination for the fitting curve is equal to 70% indicates that 70% of the thermal
effusivity value can be attributed to the product of the fabric density and thermal conductivity. The
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remaining 30% variation can be ascribed to the fabric heat capacity, which is controlled by the

fabric textile properties, such as fiber content, type of yarn and geometry, and fabric structure 3%
38-39

FIGURE 5. Variation of the log of the thermal effusivity (log (E)) as a function of the
log of the product of the fabric density by the thermal conductivity (log (p x K)) for 27
fabrics measured under 1 kPa applied pressure using the stacked method.
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THERMAL EFFUSIVITY OF SPORTSWEAR FABRICS BY THE AIR-HOOP
METHOD

Effect of applied pressure

The effect of the applied pressure was also studied with Fabric F1, F2, F3, and F4 using
the air-hoop method. Four values of applied pressure between the fabric specimen secured in the
air-hoop and the MTPS sensor were used: 2 kPa, 1.5 kPa, 1 kPa, and 0.5 kPa. The results are shown
in Figure 6a. The highest contact pressure to measure the thermal effusivity using the air-hoop
method was 2 kPa, as higher pressures caused some fabrics to stretch (Figure 6b). This stretching
would affect the fabric’s porosity**! and thermal effusivity. In fact, even at 2 kPa, Fabric F3 and
F4 showed an increase in thermal effusivity, which can potentially be caused by some level of
fabric stretching. These two fabrics were observed to be stretchier compared to Fabric F1 and F2.
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FIGURE 6. (a) Variation of the thermal effusivity of Fabric F1, F2, F3, and F4 using the
air-hoop method as a function of the applied pressure, and (b) schematic representation of
a fabric being stretched by the MTPS sensor in the air-hoop under high applied pressure.
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On the other side of the pressure range, it was observed that an applied pressure of 0.5 kPa
did not allow the fabric to create proper contact with the MTPS sensor. In all instances, a decrease
in thermal effusivity was recorded, which would be caused by the inefficient heat transfer between
the sensor and the fabric.

Similar to what was proposed for the stacked method, a pressure of 1 kPa thus appears as
the optimal value for conducting thermal effusivity measurements of fabrics using the air-hoop
method, as this pressure offers the best compromise between the need to have good contact
between the fabric and the MTPS sensor and the importance of avoiding stretching the fabric.

Effect of fabric porosity

As fabric porosity can play an important role in thermal effusivity*?, the thermal effusivity
values measured using the air-hoop method for the 27 fabrics listed in Table 1 were expressed as
a function of the fabric porosity (Figure 7). The porosity of these 27 fabrics was calculated from
the fabrics’ density using Equation 4.

Figure 7 shows that the porosity and thermal effusivity of 26 out of these 27 fabrics have
a strong negative correlation (r = -0.667; p <.001) irrespective of their fiber content, type of yarn,
fabric structure, nature of finish, etc. Despite the fact that fabric porosity originates from micro,
meso, and other macro-level properties, such as fiber type, yarn density, fabric structure, etc.>*,
it is a macro-level textile property that appears as an overarching parameter that controls thermal
effusivity. In terms of the negative correlation between the fabric porosity and thermal effusivity,
it can be attributed to the fact that fabrics with low porosity contain less air** and thus have higher

Page 17 of 27



thermal conductivity, to which thermal effusivity is correlated through Equation 2. In addition,
since one side of the fabric is in contact with the ambient air in the air-hoop method, another
phenomenon may play a role. If low porosity is associated with small pore size, air movement by
convection through the fabric may be restricted, which limits the thermal energy exchange between
the human skin symbolized by the MTPS sensor and the fabric****®. Previous researchers reported
an absence of the effect of fabric porosity on thermal effusivity! %°. However, the experimental
techniques, specimen boundary conditions, and applied pressures were different, which may
explain this apparent discrepancy in the findings.

One fabric, F16, stands out as an outlier (black dotted circle in Fig. 7). This fabric has a
very low thickness (0.083 mm) compared to the other fabrics (thicknesses between 0.349 and 2.19
mm). When the fabric thickness is much lower than the penetration depth of the MTPS sensor
pulse, which is approximately 1 mm®, only a small proportion of the heat pulse is absorbed by the
fabric; the rest of the heat pulse ends up being absorbed by the air layer on the other side of the
fabric. Therefore, the fact that the thermal effusivity result for Fabric F16 does not follow the same
trend as the other fabrics is possibly due to its very low thickness.

FIGURE 7. Effect of the fabric porosity on the thermal effusivity measured using the air-
hoop method
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CORRELATION BETWEEN THE STACKED AND AIR-HOOP METHODS

Figure 8 shows the correlation between the thermal effusivity results for the 27 fabrics
measured under a 1 kPa applied pressure using the stacked and air-hoop methods. The data follow
a strong positive linear relationship (R? = 0.92) for all the fabrics except Fabric F16. Similar to
what has been discussed regarding the correlation between the thermal effusivity measured with
the air-hoop and the fabric porosity, this discrepancy observed for Fabric F16 can possibly be
associated with its very low thickness (0.083 mm) compared to the heat pulse penetration depth.
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To validate this hypothesis, thermal effusivity measurements were conducted with two
other very thin fabrics (shown as F28 and F29 in Figure 8). Information regarding the fiber
composition, fabric structure, fabric count, mass per unit area, and thickness of Fabric F28 and
F29 is provided in Table 2. F28 was 0.101 mm thick, and F29 was 0.127 mm thick. As Figure 8
shows, the results for these two other very thin fabrics are also located outside of the linear trend
observed between the thermal effusivity values measured by the stacked and air hood methods for
the 26 fabrics with a thickness of 0.349 mm and above. This confirms the hypothesis that there is
a fabric thickness effect on the measurement of thermal effusivity using the air-hoop method.

TABLE 2. Fabric characteristics

Fabric Fiber Structure Fabric count
Code content (yarn/cm)
Warp/  Weft/
wale course
F28 100% Plain 88 50
Polyester (woven)
F29 100% Plain 94 50
Polyester (woven)
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51+1 0.101 +
0.002
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0.03



FIGURE 8. Effect of fabric thickness on the correlation between the dry thermal effusivity
results measured using stacked and air-hoop methods under 1 kPa applied pressure for the
27 fabrics of the study plus two additional very thin fabrics (F28 and F29). The linear fit
shown with a dotted line includes all the fabric data except Fabric F16, F28, and F29.
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A moderation analysis was conducted with all the fabrics, including Fabric F28 and F29.
The moderation analysis revealed that the fabric thickness has a significant effect on the correlation
between the stacked and air-hoop methods (p < .001). The analysis provided three regression
models for the correlation between the stacked and air-hoop methods based on the fabric thickness.
The first regression model corresponds to negative fabric thickness values, which is not relevant
in this case. The second regression model corresponds to fabric thicknesses close to 0 mm. This
model would apply to Fabric F16, F28, and F29. The last regression model relates to fabric
thicknesses close to 0.40 mm or higher. This model would apply to all the tested fabrics excluding
F16, F28, and F29. The effect size was 1.243 for the second regression model (thickness close to
0 mm) and 1.752 for the third regression model (fabric thickness close to 0.40 mm or higher).

For all the fabrics tested, the thermal effusivity values measured with the stacked method
were systematically higher than those measured with the air-hoop method. This difference in the
absolute value of the thermal effusivity can be attributed to the effect of the air layer on the side
of the fabric specimen opposite to the MTPS sensor when they are tested using the air-hoop
method. The use of the air-hoop method to measure thermal effusivity is thus providing a closer
representation of how a person would feel the thermal touch of the fabric when it is worn as a
part of a single layer garment.
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Conclusions

The study explored the thermal effusivity of 27 sportswear fabrics using the stacked
method (ASTM D7984-21) and a novel air-hoop method that more closely matches the real-life
scenario of wearing the single-layer fabric, where one side of the fabric touches the skin and other
side is exposed to the environment. The effect of experimental parameters (such as pressure
between the fabric specimen and the sensor) and fabric characteristics (such as density and
porosity) on the thermal effusivity were also investigated.

The results showed that the 10 to 50 kPa range of applied pressure between the MTPS
sensor and the fabric specimen mentioned in the ASTM D7984-21 standard for conducting thermal
effusivity measurements using the stacked method affected the result of the thermal effusivity
measurement. These values of applied pressure expelled air from the fabric structures and led to a
measurement of the material-based thermal effusivity (based on the fiber content) rather than the
fabric thermal effusivity. In the case of the air-hoop method, an applied pressure of 2 kPa created
an excessive amount of stretch in the fabric and affected the thermal effusivity results, while 0.5
kPa was not sufficient to ensure proper contact between the fabric and the MTPS sensor. For both
the stacked and air-hoop methods, a value of applied pressure of 1 kPa was identified as the best
condition. This finding is breakthrough information that will allow reporting more accurate
thermal effusivity values for compressible fabrics, which includes sportswear fabrics as well as
many others. For the stacked method, the results obtained also confirmed the importance of
maintaining a minimum of 1 mm for the fabric stack.

In terms of the effect of the fabric characteristics on the thermal effusivity results, a
negative correlation was observed between the thermal effusivity measured using the air-hoop
method and the porosity for all 27 tested sportswear fabrics except the thinnest one. This
correlation observed with the fabric porosity was associated with the lower amount of air in the
fabric structure and reduced air convection for the lower porosity fabrics. It shows porosity as an
overarching parameter controlling thermal effusivity, irrespective of the fabric structure, fiber
content, type of yarn, nature of finish, etc. The discrepancy observed for the thinnest fabric was
attributed to the fact that the penetration depth of the MTPS heat pulse was much higher than the
fabric thickness.

Finally, the results showed an excellent correlation between the thermal effusivity results measured
with the stacked and air-hoop methods under a 1 kPa applied pressure for all the tested fabrics
except the thinnest one. However, for all the fabrics tested, the thermal effusivity values measured
with the stacked method were systematically higher than those measured with the air-hoop method
due to the effect of the air layer on the other side of the fabric specimen with the air-hoop method.
The use of the air-hoop method to measure thermal effusivity is thus providing a closer
representation of how a person would feel the thermal touch of the fabric when it is worn as a part
of a single layer garment. The findings of the study shed new light on thermal effusivity and will
contribute to the development of more comfortable fabrics considering realistic use scenarios when
worn as a garment.
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