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Mine rescuers’ heat load during the expenditure of physical effort in a hot environment, using
ventilated underwear and selected breathing apparatus

Anna Marszałek ∗, Grażyna Bartkowiak, Anna Dąbrowska, Sylwia Krzemińska, Krzysztof Łężak,
Krzysztof Makowski and Joanna Bugajska

Central Institute for Labour Protection – National Research Institute (CIOP-PIB), Poland

Mine rescuers’ heat load under the same physical effort load (25% of the maximal oxygen uptake), using three types of
breathing apparatus, in newly developed heat-removing underwear and outerwear was assessed for typical work conditions
of mine rescuers, under milder and harsher ambient conditions of 32 and 38 °C, respectively, both at relative humidity of
85% and air velocity of 1.0 m/s. Expending physical effort at the same load while using different kinds of breathing apparatus
resulted in a similar heat load. Under both milder and harsher ambient conditions, heat storage and sweating intensity were
greater than the average limit value recommended by hygienic standards, which indicates that the use of breathing apparatus
significantly hinders heat exchange with the environment. The developed clothing for mine rescuers was highly rated, and
was considered by most people to be better than that used currently.
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1. Introduction
Mine rescuers’ work is carried out under very difficult
climatic conditions, and involves great physical effort.

After the revision to the Regulation of the Minister of
Environment of 29 January 2013 [1], the main criterion
for the assessment of a climatic hazard in coal mines is
the occurrence of a climate substitute temperature higher
than 26 °C at the workstation. The air temperature during
the performance of mining work should not exceed 28 °C
at a cooling intensity of less than 11 wet kata degrees
[2].The work can then be performed on a full-time basis.
In accordance with the aforementioned regulation, within
the temperature range of 28–33 °C and at the same cool-
ing intensity, technical measures should be taken in order
to reduce the air temperature, otherwise the working time
must be reduced to 6 h. Under even harsher conditions,
when the air temperature measured with a dry-bulb ther-
mometer exceeds 33 °C, people can only be hired for
rescue operations.

An analysis of hazards faced by mine rescuers and
their working conditions during the performance of res-
cue operations [3] indicates that the second cause of
rescuers’ fatal accidents, following thermal burns of
large areas of the body and of the respiratory tract,
is the difficult microclimate conditions which result in
overheating of rescuers’ bodies and death from heat
stroke, accounting for 26% of the total number of
deaths [4].

*Corresponding author. Email: anmar@ciop.pl

Apart from the air temperature, which at many loca-
tions in coal mines exceeds 30 °C, the occurrence of high
air humidity changing within the range of 70–100% also
makes working conditions more difficult [5].

In the hot environment which is found in coal mines,
during the performance of work with varying intensity,
heat which not only originates from the environment
but also from work being carried out accumulates in
the exposed person’s body [6,7]. In order to prevent the
body from overheating, conditions should be ensured for
effective heat exchange between the body and the envi-
ronment. Under working conditions in coal mines this is
often impossible, particularly for mine rescuers who bring
help to the injured. Typically they wear clothing protect-
ing against heat and flame, and are equipped with rescue
equipment weighing approximately 25.0 kg. These deter-
minants significantly contribute to the obstruction of heat
release from the rescuer’s body. In addition, due to the
presence of toxic gases, rescuers are required to use res-
piratory protective equipment, which adds approximately
15.0 kg of equipment to be carried, mainly on their backs.
In many rescue operations, it is also necessary to trans-
port the injured on stretchers, which provides an additional
weight of 45.0–50.0 kg/person [4]. Because they are car-
rying equipment and people of considerable weight, and
moving in rough terrain, the level of effort is very high,
which contributes to the generation and storage of heat in
the rescuer’s body.
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In recent years, attempts have been made to develop
clothing for mine rescuers which would improve the
removal of heat from the surface of their skin. A set of
protective clothing and underwear with an air ventilation
system has been developed, which aims to transfer heat
from the surface of the skin in order to facilitate its release
to the environment, and, consequently, to facilitate the
evaporation of sweat from the skin. This article presents
results of tests on this set of clothing with three types
of standard breathing apparatus used in rescue operations
under conditions of lower and higher heat stress caused by
the air temperature. The developed clothing was assessed
based on a survey.

2. Protective underwear and clothing for mine
rescuers

Given the risks faced by a mine rescuer during a rescue
operation, mine rescuers’ protective clothing and under-
wear should ensure protection against ignition and static
electricity, as well as minimize the effects of body over-
heating resulting from the climatic hazard. This means
that these articles should meet essential requirements of
Directive 89/686/EEC [8] on personal protective equip-
ment and relevant standards harmonized with it, namely
Standard No. EN ISO 11612:2015 [9] and Standard No.
EN 1149-5:2008 [10].

2.1. Underwear with a ventilation system
The developed underwear was made from a knitted fab-
ric with the following composition: 90% Lenzing FR, 8%
para-aramid and 2% antistatic fibre. The underwear is in
the form of a T-shirt with an air ventilation system, which
enables the release of excess heat from the underclothing
microclimate. In the back part of the underwear, from the
height of the waist line up to the shoulder blade line, five
vertical channels have been formed by crimping the fabric,
in which polyurethane tubes at graduated heights have been
permanently placed. The tubes are connected via a three-
way coupling with a horizontal air-distributing tube placed
in a tunnel and led outside the underwear through a hole
located on the side of the T-shirt. The air-distributing tube
is connected to a self-contained breathing apparatus which
is the source of cooled air. Where closed-circuit oxygen
breathing apparatus is used, the underwear is connected to
and supplied from an additional compressed air cylinder.
The appearance of the developed underwear with a venti-
lation system is shown in Figure 1, and a diagram showing
the connection of the air supply system to the underwear is
presented in Figure 2.

The system for supplying air to the underwear is
equipped with a ventilation function, and has been installed
in positive pressure self-contained breathing apparatus
adapted to be connected to two composite cylinders with
a capacity of 9.0 dm3 (Figure 2). The aforementioned

(a) (b)

Figure 1. General appearance of cooling underwear with an
air ventilation system: (a) front; (b) back.

self-contained breathing apparatus to be used as a respira-
tory protection device is designed for special applications
during the performance of rescue operations in under-
ground coal mines, and additionally offers the possibility
for supplying air to the underwear at two air flow rates.
This enables control of the efficiency and duration of
cooling.

2.2. Protective clothing
Under conditions of an increased risk of a fire or an
explosion during a rescue operation, it is required that a res-
cuer also wears protective outerwear. Protective clothing
for mine rescuers consists of a blouse and bib-and-brace
trousers. The clothing is made of a woven fabric with
the following composition: 93% meta-aramid fibres, 5%
para-aramid fibres and 2% antistatic fibres. The essential
feature of the developed clothing is the compatibility of its
design with the equipment used by mine rescuers. Pock-
ets located on the front of the blouse and on the sides of
the trousers are specifically arranged to ensure convenient
access to them (with account taken of the surfaces pressed
down by the rescuer’s additional equipment). In the back
parts of the stand-up collar and on the back of the blouse,
where the sleeves connect (below the stand-up collar),
bags of knitted fabric mesh have been placed, which are
filled with macrocapsules containing phase change mate-
rials (PCM) supporting thermoregulatory functions of the
body. In addition, on the lateral side of the sleeve, along
the torso and on the lateral side of the leg, vents have been
incorporated in order to support the process of cooling the
rescuer’s body. The appearance of the developed protective
clothing for mine rescuers is shown in Figure 3.
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Figure 2. Diagram of the connection of the air supply system to the cooling system of the underwear.
Note: The full colour version of this figure is available online.

3. Methodology
3.1. Participants
Six mine rescuers aged 34.5 (± 6.2) years, with a
body weight of 82.0 (± 4.8) kg and physical endurance
of 48.2 (± 5.2) ml O2/kg/min, participated in the
study. The selection of participants for the study was
preceded by qualification examinations comprising an
enquiry concerning the current state of health, a physi-
cal examination and additional tests including a cardiac
stress test, 24-h Holter electrocardiogram (ECG) monitor-
ing, spirometry and a physical work capacity (PWC170)
test.

3.2. Variations of the tests
Tests were carried out under laboratory conditions, in a cli-
matic chamber, at two levels of ambient air temperature: a
milder one of 32 °C, and more burdensome one of 38 °C.
In both cases, the air velocity was 1.0 m/s and the relative
humidity of the air was at a level of 80–85%.

The participants took part in a total of six variations
of the tests, involving the use of three types of breathing
apparatus at two levels of ambient air temperature.

The test variations are presented in Table 1, and the
appearance of mine rescuers wearing selected clothing
variations is shown in Figure 4.

3.3. Equipment
The participants’ equipment consisted of a helmet, a lamp
and gloves in each test, and of oxygen closed-circuit
breathing apparatus W-70 and BG-4 as well as APS/3N
breathing apparatus. Closed-circuit compressed oxygen
breathing apparatus was equipped with an additional com-
pressed air cylinder with a capacity of 2.0 L, a pressure
reducer and a harness with a total mass of 4.9 kg.

The closed-circuit compressed oxygen breathing appa-
ratus type W-70 (Faser, Poland) is the basic equipment
for Polish rescue services, used as a respiratory protec-
tive device. It operates in a closed circuit, and completely
insulates the user from the surrounding atmosphere. This
is a negative pressure device operating in a closed-circuit
breathing system, with oxygen compressed in a steel cylin-
der. It provides protection for 4 h. The weight of the
apparatus without the face piece is approximately 14.0 kg
[11]. During the tests, the apparatus was equipped with a
SAT-2M inhaled air cooler (Faser, Poland).
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Figure 3. General appearance of the protective clothing for
mine rescuers.

The closed-circuit compressed oxygen breathing appa-
ratus type PSS BG-4 EP (Dräger, Germany) is apparatus
in which oxygen is compressed in an oxygen cylinder.
It is equipped with an electronic control system with an
option of using a reusable carbon dioxide absorber and an
internal breathing air cooler. Under difficult conditions, the
apparatus uses ice cartridges, which significantly improves
comfort when working and extends the working time in the
hazardous area. It provides protection for 4 h. The weight
of the apparatus without the face piece is approximately
14.5 kg (including the ice in the cooler) [12,13].

Modified compressed air breathing apparatus type
APS/3N (Faser, Poland) was equipped, for the purposes
of the project, with two composite air cylinders with a
capacity of 9.0 L. The weight of the air-filled apparatus
with the face mask is approximately 22.0 kg. The device
operates in a positive pressure system under the face mask.
It is equipped with a switch that allows the device to be
maintained in readiness with the cylinder valves open and,
after putting the face mask on, to be switched to operation
in a positive pressure system [14]. The apparatus with an
underwear supporting system operates for 90 min.

The weights of the types of breathing apparatus used
were not identical. Relevant detailed data are presented in
Table 2. The BG-4 apparatus was the lightest of the types

Table 1. Variations of tests involving mine rescuers.

Designation
of variation
of test Description of variation of test

32 VU W70 Underwear with a ventilation system (VU),
outerwear, W-70 closed-circuit rebreather,
air temperature of 32 °C

32 VU BG4 Underwear with a ventilation system,
outerwear, BG-4 closed-circuit rebreather,
air temperature of 32 °C

32 VU APS Underwear with a ventilation system,
outerwear, PSS 7000 breathing apparatus,
air temperature of 32 °C

38 VU W70 Underwear with a ventilation system,
outerwear, W-70 closed-circuit rebreather,
air temperature of 38 °C

38 VU BG4 Underwear with a ventilation system,
outerwear, BG-4 closed-circuit rebreather,
air temperature of 38 °C

38 VU APS Underwear with a ventilation system,
outerwear, PSS 7000 breathing apparatus,
air temperature of 38 °C

used and the W-70 apparatus mass was similar to the APS
apparatus.

The breathing apparatus was modified to support ven-
tilation in the developed underwear. Therefore, it was
equipped with a different cylinder carrier and different
cylinders as compared with the standard solution. The
cylinders were of a greater capacity, i.e., 9.0 L instead of
the 6.8-L cylinders used in the APS/3N apparatus. This
modification affected the weight of the breathing apparatus.

3.4. Protocol of the experiment
It was assumed that the test would last for 120 min.
However, not every condition specified in the study was
favourable for the possibility of expending physical effort
in a hot environment. The following limit values of phys-
iological parameters, which determined the test duration,
were adopted:

• internal temperature measured in the gastrointestinal
tract (Tabd) > 38.5 °C;

• heart rate (HR) > 85% HRmax;
• subjective signs of ill-being or fatigue.

The participants gave written consent to participate in
the study. The safety of participants was ensured by the
presence of a physician.

Prior to the test, each participant replenished fluids by
drinking 500 ml of water. ECG electrodes, sensors for the
measurement of skin temperature, air temperature and rel-
ative humidity as well as an HR recorder were placed on
the participants’ skin.

Each participant put on the underwear with the air ven-
tilation system switched off, protective clothing, socks and
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(a) (b) (c)

Figure 4. Participants using closed-circuit rebreathers (a) W-70 and (b) BG-4, and (c) APS/3N breathing apparatus.

Table 2. Initial mass (M ± SD) of the
types of rescue apparatus used.

Apparatus Weight (kg)

BG-4 20.02 ± 0.08
W-70 22.94 ± 0.10
APS 23.01 ± 0.09

boots. The participant wearing such clothing stayed for
45 min under the conditions of ambient temperature of
21 °C and relative humidity of the air of 50%, in order to
stabilize the thermal conditions of the body.

After the completion of acclimatization, prior to leav-
ing the acclimatization chamber, each participant changed
their jacket because the PCMs were permanently located
in the collar. The change of jacket enabled the full-range
operation of the PCMs. The clothing and equipment were
then supplemented, depending on the test variation to be
carried out.

The participants proceeded to another climatic cham-
ber in which they expended physical effort on an electric
treadmill with intensity accounting for 25% of physical
endurance (VO2max) determined individually for each res-
cuer participating in the test. The physical effort load was
calculated before the participant entered the climatic cham-
ber. The rate of the belt on the electric treadmill was
constant and equal to 3 km/h. The inclination angle of the
treadmill was calculated individually based on the weight
of a fully dressed rescuer equipped with the appropriate
equipment depending on the test variation to be carried
out. During the tests in the second climatic chamber, the
air ventilation system in the underwear was activated.

The test procedure was approved by the Ethics Com-
mittee of the Medical University of Warsaw, which granted
consent for tests on protective clothing carried out in a
climatic chamber with the participation of rescuers under
difficult microclimatic conditions.

3.5. Parameters
During the tests, the following physiological and physical
parameters were measured:

• internal temperature measured in the gastrointesti-
nal tract (Tabd) using a thermometric physiological
monitoring system (VitalSense, USA);

• local skin temperatures and relative humidity above
the skin at four locations as per Standard No. EN ISO
9886:2004 [15], measured using i-Button wireless
sensors (Maxim Integrated, USA);

• the body and clothing weight prior to and after the
test, in order to determine sweating intensity, using a
platform scale F 150 S-D2 (Sartorius, Germany).

Throughout the test, HR was monitored both using an
FX 2000 cardiac monitor (Emtel, Poland) and wirelessly
using a professional monitor (Polar Electro Oy, Finland)
and the arterial blood pressure was measured using medical
equipment (Omron, Vietnam) prior to and after the test.

Based on the local measurements of temperatures of the
skin, the average weighted temperature of the skin (T̄sk)
was calculated as per Standard No. EN ISO 9886:2004
[15]. Heat accumulation (S) was determined using the
following equation:

S = (3.55 × mcp/ADu) × (0.9�Tabd + 0.1�T̄sk) × t−1
ex ,

where mcp = initial body weight; ADu = body surface;
Tabd = internal temperature measured in the gastrointesti-
nal tract; T̄sk = average weighted temperature of the skin;
t−1
ex = exposure duration.

During the tests, subjective assessments concerning the
feeling of heat as per Standard No. EN ISO 10551:2001
[16] and the skin moisture according to Nielsen and Endru-
sick [17] were collected at 15-min intervals.

A survey was also conducted with questions about the
level of comfort of use of the developed underwear and
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outerwear, and about a comparison with the currently used
clothing.

3.6. Statistical analysis
In the analysed measurement data, normality of distribu-
tion was determined (Shapiro–Wilk test) and then either
Student’s t test or a Wilcoxon non-parametrical signed-
rank test was carried out. Analysis of variance (ANOVA)
was performed for the comparison of clothing variations
having previously checked the homogeneity of variance
using Levene’s test. The least significant difference (LSD)
test was used as the post-hoc test. A level of significance of
the differences of 0.05 was adopted. The statistical analy-
sis of the measurement data was performed using Statistica
version 9.1.

4. Results
4.1. Test duration
The average duration of tests at the lower ambient tem-
perature was slightly longer in the test variation involving
self-contained breathing apparatus than in the test vari-
ations involving two closed-circuit rebreathers, and was
55.4 (± 7.5) min (Figure 5). At the higher ambient temper-
ature, the test durations were more similar, close to 30 min,
and shorter by approximately 20 min than those in tests
performed at the lower air temperature.

4.2. Reasons for termination of the study
Reasons for termination of the study are presented in
Table 3. It can be noted that when closed-circuit rebreathers
were used at the higher ambient temperature, the number of
cases of study termination due to reaching HR limit values
was higher. This fact was not determined in tests involving

Table 3. Numerical summary of the reasons for
termination of the study.

Reason for termination of the study
Test variation Tabd HR Subjective Duration

32 VU W-70 1 4 1 –
38 VU W-70 1 5 – –
32 VU BG-4 4 – 2 –
38 VU BG-4 2 3 – –
32 VU APS 2 4 – –
38 VU APS 2 4 – –

Note: For an explanation of the symbols of test
variation, see Table 1. HR = heart rate; Tabd = internal
temperature measured in the gastrointestinal tract.

breathing apparatus. In this case, at both levels of ambi-
ent temperature, the frequency of study termination due to
reaching the adopted HR limit was higher.

4.3. Weight of breathing apparatus
During the tests, the weight of the used types of breathing
apparatus changed (Table 4).

Closed-circuit compressed oxygen breathing appara-
tus decreased slightly in weight, i.e., approximately 10.0 g
at the lower and 16.0 and 50.0 g at the higher ambient
temperature, respectively, for W-70 and BG-4 apparatus.
Theoretically, weight gain of those apparatus should be

Table 4. Change in weight (M ± SD) of rescue apparatus
used (kg).

Apparatus Temperature of 32 °C Temperature of 38 °C

BG-4 −0.01 ± 0.03 −0.05 ± 0.02
W-70 −0.009 ± 0.006 −0.016 ± 0.01
APS −3.44 ± 0.51 −1.88 ± 0.44

Figure 5. Duration of tests involving mine rescuers at two levels of air temperature, namely 32 °C (blue column) and 38 °C (pink
column), and with the use of three types of breathing apparatus.
Note: For an explanation of abbreviations, see Table 1. Error bars denote SD. The full colour version of this figure is available online.
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observed because of accumulation of steam and carbon
dioxide (CO2) exhaled by its users, but the received results
could be a result of not using the same manner of stack-
ing apparatus on our platform scale and a small value for
those mass changes, close to the precision of the scale
(0.005 kg). On the other hand, the modified compressed air
breathing apparatus decreased significantly in weight. The
decrease in weight was less at the higher ambient temper-
ature (1.9 kg) than at the lower (3.4 kg) but the duration
of tests was shorter at the higher temperature. These differ-
ences in weights at the lower and higher temperatures were
statistically significant. However, upon conversion of these
changes according to the duration of the test, it was found
that the intensity of the decrease in weight of compressed
oxygen breathing apparatus was similar and amounted to
62.4 and 63.9 g/min, respectively, for the lower and higher
ambient temperature.

Changes in the weight of rescue apparatus contributed
to the effort load. Changes in the effort load from the begin-
ning to the end of the test were minor when the W-70
and BG-4 apparatus were used, and accounted for approx-
imately 0.5% of the initial load. When compressed air
breathing apparatus was used, changes in the load due to
the duration of the effort were greater and accounted for
3.5 and 1.4% of the initial load, respectively, at the lower
and greater ambient temperature. Therefore, in the tests
involving the use of compressed air breathing apparatus,
the physical load decreased significantly during the course
of the tests compared with changes in the test involving the
use of the oxygen breathing apparatus.

4.4. Internal temperature
The results of internal temperature measurements are pre-
sented in Figure 6. At the lower air temperature, changes
in Tabd were more diverse, while at the higher temperature

they were more uniform. No statistically significant dif-
ferences were found, either depending on the ambient air
temperature or depending on the breathing apparatus used.

4.5. Average weighted skin temperature
Results concerning the determined T̄sk are presented in
Figure 7. As early as during the first few minutes of the
test, the level of obtained T̄sk exceeded 34 °C. While at the
lower temperature of the test the changes to T̄sk were mod-
erate, at the higher temperature the increase in t̄sk was more
rapid. The final values of T̄sk at the lower air temperature
were 36.2 °C but at the higher temperature they were higher
by 1.2 °C.

For all types of breathing apparatus used, the differ-
ences between T̄sk at the lower and higher air tempera-
ture were statistically significant from the 5th to the 35th
minute, and up until the 30th minute for the test variation
involving W-70 apparatus.

4.6. Relative humidity of the air above the skin
The results concerning relative humidity above the skin are
presented in Figure 8. When the breathing apparatus was
used, changes in humidity above the skin occurred simi-
larly for particular types of apparatus. In these tests, the
average value of relative humidity above the skin exceeded
the value of 80% in the 15th minute at the higher ambient
temperature, and in the 25th minute at the lower ambient
temperature.

Average values of relative humidity above the skin at
the time of study termination were close to 90%. It was
found that the differences between the tests carried out at
the lower and higher temperatures were statistically signif-
icant from the 5th to the 35th minute of the test for each
type of apparatus used.

Figure 6. Changes to the internal temperature (Tabd) during tests involving mine rescuers at two temperature levels of 32 and 38 °C,
and with the use of three types of breathing apparatus.
Note: For an explanation of abbreviations, see Table 1. Values are Tabd ± SD, error bars denote SD.
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Figure 7. Changes to the average weighted skin temperature (T̄sk) during tests involving mine rescuers at two temperature levels of 32
and 38 °C, and with the use of three types of breathing apparatus. *p < 0.05.
Note: For an explanation of abbreviations, see Table 1. Values are T̄sk ± SD, error bars denote SD.

Figure 8. Relative humidity above the skin during tests involving mine rescuers at two temperature levels of 32 and 38 °C, and with
the use of three types of breathing apparatus. *p < 0.05.
Note: For an explanation of abbreviations, see Table 1. Error bars denote SD.

4.7. Heat storage
The intensity of heat storage is presented in Figure 9. At the
air temperature of 32 °C, the level was statistically signifi-
cantly lower when compressed air breathing apparatus was
used, as compared with the tests involving the use of W-70
and BG-4 oxygen apparatus. In addition, the intensity of
heat storage in the tests involving the use of compressed air
breathing apparatus was statistically significantly lower at
the lower air temperature than it was at the higher tempera-
ture. At the higher temperature, the intensity of heat storage
was greater by 27% when closed-circuit oxygen apparatus
was used, and greater by 41% when the APS apparatus was
used.

If we take the test duration into consideration, it appears
that the total heat gains at the lower air temperature
were 477.3, 447.3 and 425.3 kJ, respectively, for the tests

involving the use of W-70, BG-4 and APS apparatus. At
the higher air temperature, the storage of heat was lower
and similar for the use of each of the breathing apparatus,
close to 380.0 kJ.

4.8. Sweating intensity
The results of tests associated with sweating intensity are
shown in Figure 10. At the lower temperature, the sweat-
ing level slightly exceeded the value of 1.0 kg, while at
the higher temperature it was approximately 0.7 kg. The
sweating level was statistically significantly lower during
the tests at the higher air temperature as compared with
the tests at the lower temperature, both for tests involv-
ing the use of W-70 oxygen apparatus and compressed air
breathing apparatus.
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Figure 9. Intensity of heat storage during tests involving mine rescuers at two temperature levels of 32 °C (blue column) and 38 °C
(pink column), and with the use of three types of breathing apparatus. *p < 0.05.
Note: For an explanation of abbreviations, see Table 1. Error bars denote SD. The full colour version of this figure is available online.

Figure 10. Sweating level during tests involving mine rescuers at two temperature levels of 32 °C (blue column) and 38 °C (pink
column), and with the use of three types of breathing apparatus. *p < 0.05.
Note: For an explanation of abbreviations, see Table 1. Error bars denote SD. The full colour version of this figure is available online.

If we take the test duration into consideration, then the
intensity of sweating is as shown in Figure 11. The lowest
sweating intensity per unit of time was found in the tests
involving the use of compressed air breathing apparatus,
at both the lower and the higher air temperatures. These
differences in tests at the lower and higher temperatures
with apparatus of this type were statistically significant.

4.9. Subjective assessments
Assessments of the thermal sensations are presented in
Table 5. A trend can be noticed towards higher (worse)
ratings at the higher air temperature than at the lower,
but the differences in the discussed sensations between the
tests carried out at the lower and higher air temperatures
were not statistically significant. Thermal sensations at the

lower air temperature were at a level of moderate inten-
sity (approximately 2), while at the higher temperature they
quickly received high ratings.

The sensations of skin moisture (Table 6) were also
assessed as worse at the higher air temperature than at the
lower, and statistically significant differences were found
in the tests involving the use of breathing apparatus in the
15th and 30th minute of the test, and in the 15th minute
with the use of W-70 apparatus. The average assessments
of the sensations of skin moisture did not reach the highest
values at the lower air temperature, and they were much
worse at the end of the tests carried out at the higher
temperature.

Results of the survey on the developed underwear and
outerwear are presented in Table 7. The effect of ther-
moregulatory elements was assessed positively by almost
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Figure 11. Sweating intensity per unit of time during tests involving mine rescuers at two temperature levels of 32 °C (blue column)
and 38 °C (pink column), and with the use of three types of breathing apparatus. *p < 0.05.
Note: For an explanation of abbreviations, see Table 1. Error bars denote SD. The full colour version of this figure is available online.

Table 5. Thermal sensations (M ± SD) during tests involving mine rescuers at two
temperature levels of 32 and 38 °C, and with the use of three types of breathing apparatus.

Air temperature 32 °C Air temperature 38 °C
Apparatus ApparatusDuration of

exposure (min) W-70 BG-4 APS W-70 BG-4 APS

0 0.0 ± 0.0 0.2 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
15 1.7 ± 0.5 1.5 ± 0.5 1.2 ± 0.7 1.8 ± 0.4 1.8 ± 0.4 1.8 ± 0.6
30 1.8 ± 0.4 2.0 ± 0.2 1.7 ± 0.5 2.7 ± 0.5 2.7 ± 0.5 2.6 ± 0.5
45 2.4 ± 0.5 2.5 ± 0.5 2.0 ± 0.2 – – –
60 3.0 ± 0.0 – 2.0 ± 0.0 – – –

Table 6. Sensations of skin moisture (M ± SD) during tests involving mine rescuers at two
temperature levels of 32 and 38 °C, and with the use of three types of breathing apparatus.

Air temperature 32 °C Air temperature 38 °C
Apparatus ApparatusDuration of

exposure (min) W-70 BG-4 APS W-70 BG-4 APS

0 0.0 ± 0.0 0.2 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
15 1.7 ± 0.6 1.5 ± 0.5 1.0 ± 0.0 2.0* ± 0.6 2.0 ± 0.7 2.5* ± 0.8
30 2.7 ± 0.5 3.0 ± 0.6 2.2 ± 0.6 3.5 ± 0.6 4.7 ± 0.9 3.6* ± 0.8
45 3.6 ± 0.5 3.8 ± 0.8 2.8 ± 0.7 – – –
60 5.0 ± 0.0 – 2.5 ± 0.7 – – –

*p < 0.05.

all participants. Most participants (60%) assessed the
developed underwear and outerwear as better than the
clothing used previously. Others stated that the currently
used and the newly developed clothing are similar in use.

5. Discussion
The performed tests indicate that at the higher ambient
temperature (i.e., 38 °C) the abilities to expend physical

effort are impaired in comparison with the test conditions
at the lower temperature (i.e., 32 °C). At 38 °C, the test
duration related to the reaching of the assumed limit val-
ues of the internal temperature or HR was reduced by
approximately 20 min.

In tests at the lower air temperature, changes to the
physiological parameters were less severe than those at the
higher temperature. This is particularly clearly evident in
the course of changes to T̄sk. The tests at a temperature of
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Table 7. Collected responses to survey questions
concerning the clothing developed for mine rescuers.

1. Do you feel the effects of the use
of thermoregulatory elements in the
underwear? If so, to what extent and in
which places?

5 responses

(a) No 1
(b) A slightly cool sensation on the............... 4
(c) A cool sensation on the........................... –
(d) A sensation of severe cold on the............ –
(e) A sensation of cold on the........................ –

2. How do you assess the tested underwear
and protective clothing in comparison with
the previously used underwear and clothing
in terms of ergonomic properties?

5 responses

(a) Significantly better –
(b) Better 3
(c) Comparable 2
(d) Worse –
(e) Significantly worse –

32 °C were terminated at a level of this parameter slightly
exceeding 36 °C, while at the higher temperature the final
values of T̄sk were higher by 1.2 °C in a much shorter time.
This fact and more cases of termination of the tests due to
reaching the assumed HR limit value indicate the intense
supply of heat to the skin at the higher air temperature.
Similar results were obtained in tests in a moderate and
hot environment, involving artillery technicians [18]. This
is a response to increased heat storage in the body. Dur-
ing the expenditure of physical effort in a hot environment,
redistribution of blood takes place, which involves a reduc-
tion in the visceral and renal blood flow, and the directing
of blood to the skin to enable heat dissipation on its sur-
face [19]. The level of heat storage in rescuers’ bodies was
lower in the tests carried out at the higher air tempera-
ture, but the storage intensity was greater in this case. The
slower storage of heat at the lower ambient air temperature
contributed to a higher heat storage level.

Changes to the internal temperature also occurred with
a lower intensity at the lower ambient air temperature, but
in the case of this parameter the differences between tests,
which depended on the air temperature, were less pro-
nounced. This fact may be associated with the high level
of heat accumulation in rescuers’ bodies. In each of the test
variations, the level of heat storage reached a greater value
than the average limit value for this parameter, which is
335.0 kJ [20].

Smaller changes in the described levels of both the
test duration and physiological parameters were observed
depending on the type of breathing apparatus used. This
can be explained by the method for determination of phys-
ical effort load. The load on the electric treadmill was
calculated by taking into account the weight of a fully
dressed and equipped rescuer, and thus the differences in
the weight of types of breathing apparatus were eliminated.

This, however, allowed the same effort load to be achieved
by each participant.

It is worth noting that when using compressed air
breathing apparatus, the average test duration was slightly
longer than that when using closed-circuit oxygen appa-
ratus. The intensity of heat storage and sweating intensity
were lower than those in tests involving closed-circuit oxy-
gen apparatus. This may result from the breathing appa-
ratus design. The weight of this apparatus is distributed
differently, namely in the same way as in a backpack, and it
includes two cylinders with air between them. As regards
closed-circuit rebreathers, the entire surface of the back is
covered by the apparatus, and its weight primarily rests on
the shoulders. This may indicate that in this case the advan-
tage is not the apparatus weight but the weight distribution,
as well as the greater flow of air over the surface of the
back, similarly to the study by Griefahn et al. [21].

During the tests involving the use of compressed air
breathing apparatus, the weight decreased due to the con-
sumption of air from the bottle for the purposes of both
breathing and supplying the ventilation system in the
developed underwear, and was 2.0 and 3.4 kg, respectively,
for the higher and lower ambient temperature. The situa-
tion was different when the closed-circuit oxygen apparatus
were used. Their weight decreased by approximately 10.0 g
at the lower and by 50.0 g at the higher ambient air temper-
ature. The decrease in weight of the breathing apparatus
accounted for 1.4 and 3.5% of the initial load as com-
pared with the level of 0.5% for closed-circuit oxygen
apparatus. However, this appears to be a small change in
weight as compared with the initial weight of a participant
with the equipment, which was approximately 110.0 kg.
An argument to support this interpretation may be pro-
vided by other tests assessing the effects of ballistic vests,
differing in weight by 4.5%, on physiological responses
during the expenditure of physical effort with vests either
warmed or cooled prior to their use [22]. The study did not
find any statistically significant differences in the levels of
physiological parameters such as the internal temperature,
weighted average temperature of the skin, heat storage,
sweating intensity or physiological cost of the effort.

The conditions of the air temperature of 32 °C were
milder for the exposed persons because the level of this
temperature was lower than the initial level of T̄sk, which
offered a possibility for heat release to the environment by
different routes (convection, radiation, conduction) at the
initial stage of the study. At the higher air temperature, the
situation was different because in this case the only route
of heat release to the environment was evaporation of the
produced sweat [23].

With the assumed limit values of Tabd and HR, the
obtained sweating level was higher in the tests at the
lower air temperature, and reached values close to 1.0 kg;
however, under difficult conditions in a thermal environ-
ment, the sweating intensity per unit of time is more
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significant. In most tests carried out, except for the varia-
tion involving use of the APS apparatus, at the lower air
temperature the sweating intensity exceeded 20.8 g/min,
which is considered an acceptable intensity for acclima-
tized persons [15].

Sweating intensity affected the level of air humidity
above the skin. This humidity was greater at the higher
ambient temperature, and a humidity level of 80%, which
is considered to cause a feeling of discomfort [24], was
reached 10 min earlier than at the lower ambient tempera-
ture. The final level of humidity above the skin was as high
as 90%, which may indicate an advantage of the developed
clothing because it did not cause accumulation of mois-
ture underneath, which was instead removed to the out-
side until equilibrium was reached with the environmental
conditions.

The measured levels of physiological parameters were
confirmed by subjective feelings. Both thermal sensations
and sensations of skin moisture were worse under the
conditions of the higher ambient air temperature, when
compared at the same time. The final assessments of the
thermal sensations were less clear as the number of par-
ticipants was getting lower and lower, because various
participants terminated the tests at different times.

The survey indicated that the developed clothing was
well received by the users, and it was assessed by most
participants as better than that currently used. The adopted
manner of cooling was felt by the study participants, and
was very much approved of.

6. Conclusions
Expending physical effort at the same load while using
different types of breathing apparatus resulted in a sim-
ilar heat load. Under both milder and harsher ambient
conditions, both heat accumulation and sweating intensity
were greater than the average limit value recommended by
hygienic standards, which indicates that the use of breath-
ing apparatus significantly hinders heat exchange with the
environment, even when using underwear facilitating heat
release. The developed clothing for mine rescuers was
highly rated, and was considered by most people to be
better than that used currently.
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