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Abstract: Thermal balance is paramount to human comfort and safety. To better understand the
effects of the material and environment, a modified sweating-hot-plate test was used to incorporate
environmental parameters such as the ventilation and microclimate thickness. It was found that at
wind speeds ≤ 0.5 m/s, the environment has the most significant effect on the insulation. However,
at an increased wind speed (1.3 m/s), the construction of the material has a large influence on
the insulation of the system. At a low metabolic rate, the heat storage can be compensated for
through dry heat loss; but, at a higher metabolic rate, substantial differences in the sweating rates
are required based on the material and environment. The various aspects of the environment wind
speed, microclimate thickness, and ventilation are crucial, but, in certain combinations, the material
can have a significant impact as well.
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1. Introduction

Protective clothing defends users from various toxic and environmental hazards [1,2].
While protection against external hazards is paramount, there also exists serious concerns
about the internal accumulation of heat. Clothing is responsible for both the heat exchange
of the user with the environment and protection against ambient hazards [3–5]. When the
clothing is not able to dissipate the heat generated by the user, numerous issues can arise,
such as changes in the skin and core temperatures. This can eventually lead to potential
life-threating responses, such as heat stress and stroke [6–8]. Balancing the insulative
properties of garments with the protective requirements is a delicate process [9].

Several aspects of the clothing and environment must be considered when evaluating
the insulative properties. Previous studies have shown that the clothing fit and level of
ventilation can have a significant impact on the total insulation provided by a clothing
system [8,10,11]. Špelić et al. found that the inner air layer, enclosed between the user and
the garment, can account for up to 60% of the total insulation of a garment system [12]. In
firefighter turnout, manipulation of the air layer thickness was found to prolong the time
until burns occurred [2,13]. Therefore, the material fit, and the subsequent microclimate
thickness, have a significant impact on the insulation of garment systems. Similarly, other
studies have found that ventilation via the garment and apertures also has a significant
impact on the insulation [14,15]. It has also long been accepted that the wind speed
decreases the insulation of the garment system as it increases due to the “stripping” of the
boundary air layer [16]. The critical impact of the environment on the insulation of garment
systems is clear.

Similarly, the construction and fibers of the garment itself are also important for heat
exchange. Alberghini et al. showed that polyethylene fabrics could be used to improve
cooling [17], but typically, the fabric construction parameters have a strong impact on the
insulation properties of garments. Namely, it was thought that the material thickness is
the most influential construction parameter of fabrics [18]. But some studies have shown
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that, in actuality, the air permeability of fabrics may be the most important construction
parameter to consider [19,20]. However, in these studies, the fabrics used were not only
of various air permeabilities but also had discrepancies in their thicknesses. This made it
difficult to determine whether the air permeability of these materials was the main influence
on the insulation when the thickness was a confounding variable. But there has certainly
been evidence that air permeability has a significant impact on insulation.

Various test methods exist to predict the insulative performances of materials using various
apparatuses, such as the heated sweating torso and sweating thermal manikin [21–23]. However,
these tests are expensive and time-consuming. Therefore, one alternative test method is the
sweating guarded hot plate. This test method is more convenient and uses less resources
than the other ones mentioned, but it is not able to incorporate the environmental variables
mentioned previously, such as the microclimate thickness and ventilation [24,25].

Despite the mentioned limitations, the results from these insulation measurement
systems can be used to predict human thermal responses using the human heat balance
equation, which can then be used to determine the changes in human physiology over a
given time and workload, and to predict the response of the user [26]. This is a powerful
methodology, as it allows for predictions of the performances of various materials and
scenarios [27–29].

Therefore, experiments were carried out using a modified guarded-hot-plate test in
order to assess and compare the insulative properties of materials of differing air permeabil-
ities but similar thicknesses. This, in turn, yielded a more comprehensive understanding of
the effect of air permeability on insulation. Additionally, different microclimate thicknesses,
wind velocities, and insulation levels were investigated. Finally, the human heat balance
equation was used to predict the thermal strain at different metabolic rates.

2. Materials and Methods

For these experiments, the environmental conditions were 21 ◦C and 65% rH. The tests
were conducted on a small guarded hot plate, part of the Kawabata Evaluation System
(KES), at the Textile Protection and Comfort Center (TPACC) at North Carolina State
University; the apparatus can be seen in Figure 1. Figure 1 also outlines the test cross
section and primary form of heat transfer at different sections. It is constructed of metal and
has a test area of 10 × 10 cm. This device measures the power required, in watts, to maintain
a temperature of 35 ◦C. This information can then be used to calculate the insulation (Rct,tot)
using Equation (1). Additionally, there were different “spacers” that were used to provide
different microclimate thicknesses (0, 5, 10, and 25 mm) and two spacer designs to give
different levels of heat exchange via ventilation. These microclimate thicknesses were
chosen because they represent the different fits and microclimates in garments. Thicknesses
between 0 and 5 mm are more attuned to tight-fitting and compression garments and
thicknesses of 10–25 mm are more representative of relaxed fits. The open-spacer design
can also be seen in Figure 1. The closed-spacer design was the same but without the
openings to reduce the ventilation of the system. Finally, 3 wind speeds of 0.25, 0.5, and 1.3
m/s were explored during the experiments. These were generated using small USB fans
with different power settings to increase the wind speed (an example is seen in Figure 1),
and the fan was located on the upper edge directly above the test area.

Table 1 below outlines the construction parameters of the samples used for these
experiments. Fabric A was always used as the base layer in these trials. The top layer
was either sample B, C, or D and was placed on the apparatus such that the technical face
was in contact with the wind. Table 1 includes the Rct,tot values of the samples at the 0 mm air
layer thickness with no additional layers. These tests were conducted on the sweating guarded
hot plate (Thermetrics, WA) following ASTM F1868. The thickness and air permeability were
derived at the physical testing lab at NC State using ASTM D1777 and ASTM D737, respectively.
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Figure 1. Image of the small-guarded-hot-plate apparatus (top left), 3D model of the spacer (top 
right), and schematic of heat transfer in plate (bottom left). 
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Figure 1. Image of the small-guarded-hot-plate apparatus (top left), 3D model of the spacer (top
right), and schematic of heat transfer in plate (bottom left).

Table 1. Sample construction information.

Sample Material Structure Thickness
(mm)

Air Permeability
(L/min/m2)

Rct,tot
(m2 ◦C/W)

A 100%
Cotton Knit 1.00 18.9 0.080

B 100%
Cotton Woven 0.68 9.7 0.076

C 100%
Cotton Knit 0.64 90.4 0.081

D 100% Wool Knit 0.60 200 0.089

The Rct,tot value from the experiments was calculated using Equation (1) below. This
equation was also used to calculate the change in the Rct,tot in Section 3.1:

Rct,tot = (Tp − Ta)/Pgen (1)

where Rct,tot is the total insulation of the system (m2 ◦C/W); Tp is the temperature of
the plate surface (◦C); Ta is the temperature of the environment (◦C): Pgen is the power
generated by the plate (W/m2).

Additionally, 2 different conditions were considered to calculate the human heat
balance results: a low activity workload and high activity workload, and the values were
approximated from ISO 8996:2021 [30]. These values were 150 W/m2 and 400 W/m2 for the
low and high workloads, respectively. The heat storage and the resultant required sweat rate
that needed to be compensated for were calculated using Equations (2) and (3), respectively:

S = M − Wext ± D ± E ± R (2)

where S is the heat storage; M is the metabolic rate; Wext is the external work (assumed to be
0 (W/m2); D is the dry heat loss; E is the evaporative heat loss; R is the respiratory heat loss;

SR = S × t/Hvap,w (3)
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where SR is the sweat rate (g/hr/m2); S is the heat storage (from Equation (2)); t is the time
(3600 s); Hvap,w is the heat of evaporation of water (2430 J/g).

3. Results

Section 3.1 outlines the Rct,tot values of the trials conducted on the small plate in
different environmental conditions. Section 3.2 demonstrates the expected thermal burden
using the human heat balance (Equations (2) and (3)) at the low metabolic rate, while
Section 3.3 demonstrates the results at the high metabolic rate.

3.1. Rct,tot Values from Hot-Plate Testing

Figure 2 below outlines the change in the Rct,tot values with the increasing microclimate
thickness at a 0.25 m/s wind speed. In all the figures, the dotted lines indicate the open-
spacer design, and the solid lines represent the closed-spacer design. From the graph, both
spacer designs show an increase in insulation until 5 mm, but, at the 10 mm microclimate
thickness, the open-spacer design shows a decrease in insulation while the closed-spacer
design shows a small increase and then a plateau. Sample C in the closed-spacer design
shows a slightly lower increase in insulation, and samples B and D show a 23% increase vs.
a 35% increase. Otherwise, the samples yielded similar changes in insulation values, except
for sample D, which shows a slightly higher decrease in the open-spacer design at the 10
and 25 mm microclimate thicknesses and a decrease of −5% from the 0 mm microclimate
thickness as opposed to samples B and C, which both show 1% increases.
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Figure 2. Changes in Rct,tot with increasing microclimate thickness at 0.25 m/s wind speed.

Figure 3 below illustrates the results at the 0.5 m/s wind speed. Again, the dotted lines
represented the open-spacer design, and the solid lines show the closed-spacer design. In
the closed-spacer design, all of the samples showed similar changes in insulation, except at
25 mm, where sample D demonstrated a decrease from 10 mm, a drop of 10%, as opposed
to the increases of 12 and 13% for samples B and C, respectively. Additionally, in the
open-spacer design, sample D demonstrated a higher loss in insulation than either sample
B or C at the 10 and 25 mm microclimate thicknesses compared to the 0 mm value. At
10 mm, the insulation was −14% for sample D, while it was 1 and 4% for samples B and
C, respectively. At 25 mm, sample D exhibited a value of −27%, while samples B and C
yielded values of −13 and −11%, respectively.
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Figure 4 below outlines the results of the small-plate tests at the 1.3 m/s wind speed,
wherein the dotted lines represent the open-spacer design, and the solid lines show the
closed-spacer design. At the 1.3 m/s wind speed, the differences in the top layer become
much more apparent than at either of the other wind speeds. Sample D consistently yielded
the lowest increase in insulation. At 5, 10, and 25 mm, sample D showed increases in
insulation of 27, 49, and 57%, respectively, while sample C yielded increases of 60, 101,
and 97%, respectively. In the open-spacer design, sample D demonstrated increases in
insulation of 3, −1, and 9% for the 5, 10, and 25 mm microclimate thicknesses compared to
the 0 mm microclimate thickness value, while sample C yielded values of 32, 22, and 25%
at the same levels. Sample B showed higher values than sample C in all cases.
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3.2. Human Thermal Response: Low Metabolic Rate

Figures 5–7 below outline the required sweat (Equation (3)) that would be needed if
the insulation values of the samples were used to calculate the heat storage (Equation (2)).
A metabolic rate of 150 W/m2 was assumed for these calculations. Figure 5 outlines the
results at the 0.25 m/s wind speed, Figure 6 at the 0.5 m/s wind speed, and Figure 7 at the
1.3 m/s wind speed.
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It was seen from the results that the 0 mm microclimate consistently exhibited the
lowest required sweat rate. In Figure 6, it can be seen that most conditions could compensate
for the heat storage through dry heat loss, while Figure 7 shows that all the conditions were
able to do so. In Figure 5, it can be observed that the highest sweat rates were required
to compensate for the heat storage at 0.25 m/s, and, generally, the open-spacer design
required less sweating than the closed design. Figures 6 and 7 exhibit similar overall
trends. The peak sweat rate was typically at the 5 or 10 mm microclimate thickness for the
open-spacer design but remained at a similar level at 10 and 25 mm for the closed spacer. In
Figure 7, it can also be observed that sample D was able to compensate for the heat storage
solely through dry heat loss at the 5 and 10 mm microclimate thicknesses, while samples B
and C required some level of sweating to compensate for the heat storage.

3.3. Human Thermal Response: High Metabolic Rate

Figures 8–10 show the required sweat rates when the metabolic rate was at 400 W/m2

in all conditions and represent the 0.25, 0.5, and 1.3 m/s wind speeds, respectively, similar
to Section 3.2.
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Figure 10. Sweating required to compensate for Ereq at 1.3 m/s wind speed at 400 W/m2 metabolic rate.

Unlike the low activity level, at the 400 W/m2 metabolic rate, no sample and microcli-
mate thickness combination was able to compensate for the heat storage through dry heat
loss exclusively. In most conditions, the closed-spacer design led to higher sweat rates than
the open-spacer design. At the 0.25 m/s wind speed, most microclimate thicknesses yielded
similar sweat rates (~400 g/h/m2), regardless of the sample or spacer design, except at
the 25 mm microclimate thickness, where the open-spacer design resulted in lower sweat
rates than the closed-spacer design (~350 g/h/m2). For all the wind speeds, the 25 mm
microclimate thickness generally yielded the most differences between the spacer designs,
but the 10 mm microclimate thickness yielded more differences between the samples. For
example, at 1.3 m/s and 10 mm, samples B, C, and D yielded sweat rates of 320, 300, and
275 g/h/m2, respectively, in the open-spacer design, while at 1.3 m/s and the 25 mm
microclimate thickness, the sweat rates were 307, 307, and 304 g/h/m2 in the open-spacer
design for samples B, C, and D, respectively. This showed that the effect of the material is
highly dependent on the environmental conditions considered.
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4. Discussion

At 0.25 m/s, the effect of the spacer design had a stronger influence on the insulation
than the material itself (Figure 2). The closed-spacer design demonstrated an increase in
insulation to about 50% for all the samples, while the open-spacer design demonstrated an
initial increase in insulation to about 35% at the 5 mm microclimate thickness and then a
decrease. The values at the 25 mm microclimate thickness were similar to the starting value
at 0 mm. Similar observations are seen in Figure 3, but at the 10 and 25 mm microclimate
thicknesses, there was a larger difference in the samples, especially D, which demonstrated
a larger decrease in insulation than either of the other materials. The overall trends of
increasing insulation in the closed spacer and the increase–decrease pattern in the open
spacer remained the same. At the 1.3 m/s wind speed, Figure 4 demonstrates a much
larger difference in the samples in the closed-spacer design. Samples B and C showed 2*
the insulation values at the 0 mm air layer, while sample D peaked at 1.6* the starting value.
Similarly, with the open-spacer design, sample D demonstrated a much lower increase in
insulation compared to samples B and C.

Overall, this showed that the environmental conditions, wind speed, ventilation,
and microclimate thickness had strong effects on the insulation. At the 0.25 m/s wind
speed, the ventilation and microclimate thickness had the strongest effects. But as the
wind speed increased, the material construction began to have more of an influence. In
some cases, such as sample D at 1.3 m/s, the material construction mitigated the effect
of the environment, and the open-spacer design saw minimal differences in insulation as
the microclimate thickness increased. The largest influence observed was at the 25 mm
microclimate thickness, which yielded an insulation increase of 8% for sample D. While
these graphs were helpful in the observation of the interaction of the materials with the
environment, the trends are relative to the starting point, the 0 mm microclimate thickness.
Therefore, calculating the heat balance and sweating rate using absolute Rct,tot values gave
a more applicable comparison.

Figures 5–7 show that a low metabolic rate could be compensated for solely through
dry heat loss for all the samples at the 0 mm microclimate thickness, but this was heavily
dependent on the wind speed and level of ventilation. The presence of an air layer increases
the insulation of the system, but at wind speeds above 0.5 m/s and with ventilation present,
the material insulation can be negligible. With a microclimate of at least 5 mm in the closed-
spacer design, every sample needed some level of sweating to compensate for the metabolic
rate. However, in the open design, sample D was able to compensate for the metabolic rate
solely through dry heat loss at 0.5 m/s and a microclimate thickness of at least 10 mm. At
25 mm and 0.5 m/s, all the samples were able to compensate for the metabolic rate solely
through dry heat loss, further showing the importance of the environmental parameters.

Figure 8 demonstrates that, at a higher metabolic rate and a low wind speed of
0.25 m/s, the material did not have much influence on the sweat rate, except at the 25 mm
microclimate thickness, where the open-spacer design showed lower sweat rates than the
closed-spacer design: approximately 385 g/h/m2 and 450 g/h/m2 for all the samples
in the open vs. closed designs, respectively. Figure 9 showed a similar result, with the
open-spacer sweat rates being almost half the closed-spacer sweat rates at the 25 mm
microclimate thickness: around 420 g/h/m2 vs. 230 g/h/m2 for the closed and open
designs, respectively. A similar pattern was observed at 10 mm. Figure 10 demonstrated
similar overall trends but also a larger difference between the materials. This implies that
the material construction had a more prominent effect as the wind speed increased.

It should be noted that the results of the thermal audit differ slightly from those of the
Rct,tot mapping. This was due to the Rct,tot results being shown as relative changes to the
starting value at the 0 mm microclimate thickness, whereas the results of the thermal audit
were conducted using the absolute Rct,tot values. This notably impacted the trends at the
0 and 5 mm air layer thicknesses. The trends became more coherent as the microclimate
thickness increased. For example, in Figure 3, it was observed that, in the open-spacer
design, the insulation peaked at 5 mm in all the samples and then decreased below the
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initial value at 0 mm at the 10 and 25 mm microclimate thicknesses. In Figure 9, it can be
similarly observed that 5 mm required the highest sweat rate in the open-spacer design,
and at 10 and 25 mm, less sweating was required. To express this numerically, sample
B had the following sweat rates as the microclimate thickness increased: 294 g/h/m2,
352 g/h/m2, 299 g/h/m2, and, finally, 247 g/h/m2. Similarly, sample D exhibited the
following values: 326 g/h/m2, 358 g/h/m2, 286 g/h/m2, and 229 g/h/m2. The results
of each should be contextualized but overall similar trends are present between the Rct,tot
mapping and thermal audit.

Overall, the results of the predicted thermal response demonstrated that not only
were the individual levels of all the parameters important but also the levels of the other
parameters. Therefore, when assessing thermal loads, all specifications of the environmental
parameters must be considered, even when only assessing one parameter. For example,
the presence of ventilation influenced whether sweating was even needed for the different
samples (Figure 6). However, this is also dependent on the microclimate thickness, as even
a difference of 5 vs. 10 mm can greatly influence the predicted physiological response. At
low ambient wind speeds (≤0.5 m/s), the microclimate thickness and level of ventilation
were crucial. But when the wind speed was increased to 1.3 m/s, the air permeability of
the material began to exhibit a stronger influence on the thermal load. For future work,
the heterogeneity of the microclimate thickness can be incorporated to provide a stronger
representation of the thermal response.

The results of this analysis were consistent with the findings of Yang et al. [10], which
observed that the ventilation rate had a strong effect on the heat loss. Similarly, it was
also observed in Yang et al.’s study that the effect of the clothing size (i.e., microclimate
thickness) varied with the ventilation rate. Ho et al. [14] also found that as the ventilation
and microclimate thickness increased, so did the heat loss, but the exact values of these
metrics were not specified. Gonzalez et al. [5] also found that garments higher in air
permeability had better performances when conducting experiments with human subjects.
However, the microclimate thickness and ventilation levels were not specified in this work.
Fontana et al. [3] also found that a higher metabolic rate was better suited to outline
differences between garment ensembles, but not much information is given on the material
construction and environmental parameters, so it is difficult to quantify the results overall.
But, generally, the results of this study agree with those of previous studies conducted on
more complex measurement systems, showing that the sweating guarded hot plate can be
used to predict the performances of different samples by incorporating different levels of
wind speed, microclimate thickness, and ventilation.

5. Conclusions

In conclusion, the sample construction, ventilation, and microclimate thickness had
less influence on the thermal load at lower wind speeds (0.25 m/s). But as the wind speed
was increased to levels of 1.3 m/s, the magnitude of the influence of each parameter shifted
as well. At the 0.25 and 0.5 m/s wind speeds, the microclimate thickness and level of
ventilation demonstrated the strongest impacts on the predicted physiological response.
However, at the 1.3 m/s wind speed, the construction of the material had a strong influence
on the predicted response. Additionally, at the lower metabolic rate, the heat storage could
be compensated for solely through dry heat loss at small microclimate thicknesses and both
ventilation levels for several materials, particularly at wind speeds above 0.5 m/s. However,
in no configuration was the heat storage able to be compensated for solely by dry heat
loss at the high metabolic rate. This demonstrated that the activity level (i.e., the predicted
end use) can strongly influence conclusions about different materials. Additionally, the
expected environment also had a strong influence on the expected physiological response
(in this case, sweating) and should also be considered when comparing materials.
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