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Abstract
The level of occupational respiratory diseases among workers in the mining, machine-building and metallurgical indus-
tries remains high. The most common occupational respiratory disease is pneumoconiosis, which is the result of the 
long-term inhalation of dust. It is possible to minimize the impact of dust on the workers and eliminate such diseases in 
the future due to the use of filtering mask respirators designed to reduce dust infiltration into the space under the mask. 
For this purpose, the choice of the type of elastic bands of filtering mask respirators has been substantiated by the geo-
metric shape and tension forces that can ensure a permissible level of leakage of contaminated air into the breathing 
zone of the respirator during its use. A mathematical model has been developed to describe the influence of parameters 
of elastomeric headgear on the protective properties of the respirator. The dependence of the change in the residual 
tensile strength of the elastic bands of the headband has been established, and the dependence of the volume of air suc-
tion on the area of the elastic straps at the corresponding tension force has been determined. Using the model, the de-
pendence of the volume of polluted air inflow on the area of the elastic straps at the corresponding tension force has been 
estimated. The design of the innovative inserts has been offered, which makes it possible to control the tension of the 
elastomeric head straps of the respirator to visualize the weakening of the pressure forces responsible for maintaining a 
tight fit.
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1. Introduction

Occupational respiratory diseases are one of the im-
portant problems of workers’ health (Feary et al., 2023; 
79 FR 24813). In recent decades, there have been chang-
es in the industrial structure of many countries of the 
world. This influenced a change in the profile of occupa-
tional exposure to hazards and a decrease in the level of 
occupational morbidity of respiratory organs, including 
among workers of mining and metallurgical enterprises 

(De Matteis et al., 2017). The most common occupa-
tional respiratory disease among workers in the mining, 
metallurgical, and machine-building industries is pneu-
moconiosis. This is a lung disease that appears with the 
long-term inhalation of industrial dust. Currently, the 
level of occupational diseases of the respiratory organs 
at enterprises in the mining industry remains at a high 
level and takes a leading position among other occupa-
tional diseases in the USA (Laney, Petsonk et al., 2010; 
Laney, Weissman, 2014; Blackley et al., 2014; Black-
ley et al., 2016), China (Jin et al., 2018), Poland (Strze-
mecka et al., 2019), Czech Republic (Tomášková et al., 
2017), Ukraine (Cheberiachko et al., 2018).
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Dust in the mine atmosphere is one of the factors that 
is harmful and dangerous for the health and life of min-
ers (Nehrii, Volkov et al., 2022; Nehrii, Glyva et al., 
2022). The main way to reduce the level of occupational 
diseases of the respiratory organs of miners and to re-
duce the level of injuries is the implementation of pre-
ventive measures at workplaces for the effective control 
of dust. These measures include preliminary moistening 
of the coal massif, dust removal from the outgoing air 
streams, use of personal protective equipment for min-
ers’ respiratory organs, etc. But even with the compre-
hensive application of these measures, in mine condi-
tions it is impossible to completely prevent the release of 
dust into the mine atmosphere and reduce the dust load 
on the miners’ respiratory systems. It is possible to min-
imize the impact of dust on miners’ bodies and eliminate 
their diseases in the future by using effective means of 
individual respiratory protection.

Individual respiratory protective equipment plays an 
important role in ensuring the effective protection of 
workers, since protecting workers from the development 
of potential occupational diseases is one of the priority 
tasks of the management of any enterprise. The problem 
is exacerbated by the fact that, in most cases, the work-
place cannot be fully secured by means of collective pro-
tection. That is why there is a need to use filtering means 
of personal protection, which are characterized by rather 
low efficiency, despite the claims of their manufacturers, 
and therefore to look for alternative ways to solve this is-
sue (Leigh et al., 1999). This is due to a number of sub-
jective reasons. The main one is untimely and non-con-
stant use of respirators due to discomfort, underestimation 
of the seriousness of the possible occurrence of an occu-
pational disease. There are also objective reasons for the 
deterioration of the protective properties of filtering respi-
rators, which arise due to design flaws associated with the 
lack of a sufficient level of understanding of all physical 
processes of air flow distribution, the deposition of aero-
sol particles on the filters, the accumulation of dust sedi-
ment, the influence of structural elements on protective 
properties, and others. This leads to the actualization of 
any research that may allow a better understanding of the 
process of protecting workers with filter mask respirators 
(FFRs) in order to improve their design.

Many scientific studies have been devoted to the im-
provement of filtering respirators. In particular, there 
have been proposed: a rational design of the perforated 
obturator (Cheberiachko et al., 2023), a production of 
filter respirator half-masks with a special frame (Cai et 
al., 2018), reinforcement of the obturator of the filtering 
respirator in the area of the nose with an additional seal 
(Kwon et al., 2022), application of sealants between a 
half mask and a face (Chopra et al., 2021; O’Kelly et 
al., 2022; Caggiari et al., 2022). Multiple use of respi-
rators has been investigated (Małgorzata et al., 2023). 
Therefore, it is urgent to develop measures to reduce the 
infiltration of harmful substances, including dust, into 
the space under the mask.

The loose fit of the FFRs’ facepiece to the surface of 
the user’s face leads to the excessive suction of polluted 
air into the breathing zone and, as a result, a decrease in 
its protective efficiency (Cheberiachko et al., 2020; 
Bazaluk et al., 2021; Cheberiachko et al., 2022). The 
leakage of dust particles and aerosols through possible 
gaps formed between the surface of the facepiece and 
the surface of the worker’s face is influenced by: human 
working positions, body and head movements, and in-
tensity of physical activity during its use. In most cases, 
the leakage of harmful substances occurs at the bridge of 
the nose, cheeks and chin, during conversations, during 
head tilts and during changes in the worker’s facial ex-
pressions (Cheberiachko et al., 2020). The leakage is 
the highest when fit testing is neglected, resulting in 
poor size and model selection to the anthropometric fea-
tures of the users, as well as when working with the 
shifted half mask (Campbell et al., 2001; Regli et al., 
2021; Cheberiachko et al., 2022). Such violations of 
the protective properties may occur during physical ex-
ertion with the unsuccessful design of the head strap of 
FFR. You can reduce slippage of the half mask from the 
user’s face by increasing the headband pressure.

However, high internal pressure can lead to pain, dis-
rupting the comfort of FFR (Akbar-Khanzadeh et al., 
1995; Chen et al., 2015; Graveling et al., 2017). Main-
taining the reliability of sealing is a difficult task that 
requires a constant search for ways to improve the de-
sign of the respirators. The main research areas include 
developing the facepiece customization techniques (Cai 
et al., 2018; Makowski et al., 2019; Pekarcikova et al., 
2022) and introducing changes in the facepiece con-
struction, including diversification of sizes, application 
of new materials and implementation of additional con-
struction elements (Han et al., 2018; Mueller et al., 
2020; Bazaluk et al., 2021; Rothamer et al., 2021; 
Okrasa, Nowak et al., 2021; Okrasa, Majchrzycka et 
al., 2021).The purpose of this study is to substantiate the 
choice of the type of elastic head straps of FFR by the 
criterion of their geometric shape and tension forces, 
which can ensure an allowable level of leakage of pol-
luted air into the breathing zone of FFR during its use. 
To achieve this goal, it was necessary to establish the 
analytical dependencies between the geometric plane of 
the elastic head straps, the tension force of the facepiece 
and the air leakage into the breathing zone. Moreover, 
the design of innovative inserts enabling monitoring of 
the FFRs’ elastomeric head straps tension has been of-
fered to visualize the weakening of the pressure forces 
responsible for maintaining a leak-tight fit.

2. Methods

2.1  Characteristics of the respirator and elastic 
straps

The protective properties were tested in relation to the 
filtering facepiece respirator type: iMask (Standart Com-
pany, Ukraine) which was equipped with five different 

https://pubmed.ncbi.nlm.nih.gov/?term=Ma%C5%82gorzata+O&cauthor_id=37711019
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types of elastic head straps (see Figure 1). Five types of 
straps with different structures were selected for analysis 
in order to establish how their structure and properties 
can affect the magnitude of the head force.

The selection of parameters of elastic head straps of 
the FFR involves establishing analytical relationships 
between the main factors that affect its protective prop-
erties and reliability. According to the results of our pre-
vious research, the volume of air leaking into the breath-
ing zone - QP (cm3/min), changing the calculated area of 
the head strap - ΔS (mm2) and the head strap tension 
force - F (N) were identified as controlled variables 
(Okrasa, Radchuk et al., 2023). It has been found that 
during the repeated procedure of donning and doffing 
the head strap of the FFR is stretched by ∆L. The change 
in the calculated strap area is determined by Equation 1:

  (1)
Where:

A –  the width of the strap (mm),
ΔL –  the elongation of the strap during the experi-

ments (mm).
Determination of the volume of air leaking into the 

breathing zone on the face of a mannequin with different 
tension strength of the headband tapes is calculated as 
specified in Golinko et al. (2018) by Equation 2:

  (2)
Where:

Qs –  the volume of contaminated air suction (cm3/
min),

fl –  the coefficient that has been determined ex-
perimentally for the equipment, which de-

T e mmyp width 3.0  1 (  )

a b

T e 2 4 mmyp  ( )width .0 

T e 3 7 mmyp   (  )width .0 

T e 4 5 mmyp   (  )width .0 

T e 5 6 mmyp  ( )width .0 

Figure 1: Filtering facepiece respirator (a) and elastic straps used for testing (b).

Figure 2: Characteristics of elastic straps depending on the number of donning and doffing cycles: (a) elongation, (b) tension 
force. Based on the results presented in Okrasa, Radchuk et al. (2023).
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pends on the flexible properties of the elastic 
strap, f1 = 5×10-4 (cm5/N·min),

ΔР1 –  pressure drop between the external environ-
ment and the under-mask space of the FFR on 
the obturation strip, the surface of which is 
treated with silicone (Pa),

ΔP2 –  pressure drop on the surface of FFR (Pa).
The respirators with different variants of elastic straps 

were evaluated on the laboratory installation with man-
nequins according to the methods specified in EN 
149:2001 standard (EN 149:2001+A1: 2009) as de-
scribed in our previous study (Okrasa, Radchuk et al., 
2023). The summary of measurement results of elastic 
strap parameters that were used for the modelling study 
are presented in Figure 2.

2.2. Mathematical model of the FFR

The experiment planning method was used to deter-
mine the mathematical model that describes the influ-
ence of the elastomeric head straps’ parameters on the 

respirator’s protective properties. The following param-
eters have been taken into account: the headgear’s ten-
sion force, the elastomeric strap’s width, and the volume 
of air moving through the gaps between the face and the 
half mask. The scheme of the object of study, i.e. the ele-
ments of the head strap of the FFR, is considered the 
three-factor with two input and one output parameter 
(see Figure 3). The three-factor model was chosen as 
rational, taking into account three important parameters: 
the main one is the amount of suction through the gaps 
between the face and the half mask, which depends on 
the area of the strap and the tension force. All other indi-
cators of the straps were taken into account due to the 
amount of elongation of the strap.

The output Y-parameter (response function) is the 
volume of contaminated air sucked through the obtura-
tor strip. While the inputs, Xj (for j = 1, 2), are the area of 
the FFR head strap and the tension force of the half 
mask, the vector of which is perpendicular to the stretch-
ing vector of the head straps.

When determining the model of the object, we first 
determined the degree of the polynomial and then calcu-
lated its coefficients. The method of experiment plan-
ning involves a purposeful change of the values of the 
input parameters while experimentally determining the 
output parameter.

The model is based on the following assumptions:
• input parameters change at two levels in the aver-

age value range, the upper and lower limits of the Figure 3: Scheme of the FFR for the modeling study.

Table 1: Plan of the complete three-factor experiments

Type  
of the strap

Width of the elastic 
strap, mm

Experimental conditions  
in coded values

Experimental conditions  
in natural values

Experimental response 
function, cm3/min

X1 X2 ΔS, mm2 F, N Y

1 3

+1 +1 54 4 174
-1 +1 15 4 95
-1 -1 15 2 269
+1 -1 54 2 324

2 4

+1 +1 17 5 124
-1 +1 6 5 95
-1 -1 6 3 165
+1 -1 17 3 174

3 7

+1 +1 14 6 98
-1 +1 7 6 95
-1 -1 7 5 102
+1 -1 14 5 104

4 5

+1 +1 10 5 116
-1 +1 5 5 95
-1 -1 5 3 155
+1 -1 10 3 165

5 6

+1 +1 12 5 103
-1 +1 6 5 95
-1 -1 6 4 111
+1 -1 12 4 118
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control interval (variation). The following codes are 
used: Хmax ↔ (+1); Xmin ↔ (-1);

• steps of varying the input parameters are integer 
values, the change of which covers the entire range 
of technical indicators of the straps;

• the degree of the polynomial, which describes the 
dependence of the initial parameters, is limited in 
the first order, based on the nature of the intersec-
tion of the surfaces of the experimental response 
values and the error of approximation of the math-
ematical model under consideration.

According to the experimental results, the ranges of 
change of the controlled input parameters of the strap 
width and tension force have been determined. Tabulat-
ed values have been calculated using Equations 1 and 2. 
The plan of the three-factor experiment has been devel-
oped for each type of strap (see Table 1).

According to the results of experimental tests, it is 
possible to determine mathematical models of the pro-
cess. We look for the solution of the response function Y 
in the form of Equation 3:

  (3)

Coefficients bі in mathematical models are deter-
mined by the least squares method (Regli et al., 2021). 
We will look for the equation of the response function in 
the form of the linear function of two variables of Equa-
tion 4:
  (4)

This model had four experiments, two input parame-
ters and three unknown coefficients. The general form of 
the system of equations for determining the unknown 
coefficients of the mathematical model has the Equa-
tion 5:

 

  (5)

Where:
Xji  – the value of the jth factor in the ith study,
Yji  – the value of the jth response in the ith study,
Yi  – the value of the response in the ith study,
X0  – conditional factor, X0 = 1.

3. Results and Discussion

Using the data given in Table 1, the sums of the com-
ponents included in the system of Equation 5 have been 
calculated. The example for strap No. 1 is shown in Ta-
ble 2.

Taking into account the obtained values of sums for 
each parameter, the system of Equation 5 for strap No. 
1 can be presented as Equation 6:

  (6)

By solving Equation 6, one obtains the b parameters 
and thus the equation of the response function Y, as 
shown in Table 3.

The comparison of the response functions (see Table 
3) has shown that the elastic strap No. 1 has the worst 
indicators of protective properties and reliability, so this 
strap is not considered in further optimization calcula-
tions. The relative deviation of the calculated value of 
the elongation of the elastic strap from the experimental 
is determined by the Equation 7:

Table 2: Experimental results for elastic strap No. 1

Experiment number і X1 X1
2 X2 X2

2 X1X2 Y YX1 YX2

1 54 2916 4 16 216 174 9396 696
2 15 225 4 16 60 95 1425 380
3 15 225 2 4 30 269 4035 538
4 54 2916 2 4 108 324 17496 648
Sum 138 6282 12 40 414 862 32352 2262

Table 3: Results of the mathematical modelling

Type of the strap
Coefficients

The equation of the response function Y
b0 b1 b2

1 399.2 1.72 -81 Y = QS = 399.2 + 1.72·ΔS – 81·F
2 239.2 1.70 -30 Y = QS = 239.6 + 1.7·ΔS – 30·F
3 131.8 0.33 -6.5 Y = QS = 131.8 + 0.33·ΔS – 6.5·F
4 218.5 3.1 -27.3 Y = QS = 218.5 + 3.1·ΔS – 27.3·F
5 165.3 1.25 -15.5 Y = QS = 165.3 + 1.2·ΔS – 15.5·F
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  (7)

Where:
Qm –  is the measured value of the volume of contami-

nated air suction (cm3/min).
The results of comparing the calculated values Y of 

the response functions in Table 3 and Equation 7 with 
the experimental ones are given in Table 4.

From the analysis of the data in Table 4, the linear 
model, which describes the elongation of the strap, ade-
quately approximates the results of the experiment, where 
relative deviation does not exceed 2.5%. The relative de-
viation of the theoretical data from the experimental data 
is in the range from 0.007% to 2.5%, depending on the 
measured value of the volume of air suction and the value 
of the pressure drop on the respirators under the condition 
when air flow is 2.5 dm3/cycle, and the number of inhala-
tions and exhalations of the worker per minute is 12. Un-
der other conditions, the results will vary.

Most of the tasks that need to be solved during the 
design of personal protective equipment can lead to 
choosing the best option in one sense or another. Deter-
mining the parameters of the head strap design is aqua-
tinted as the optimization. For the optimization parame-
ter, it is accepted to choose the area of the elastic head 

strap of FFR. The constraints determine the optimal area 
of the elastic strap:

• the number of donning and doffing cycles is not less 
than 10;

• the leakage of outside air into the breathing zone 
does not exceed 1% of the total amount of air in-
haled by the user;

• the cost of materials is limited following the re-
quirements specified in the technical conditions for 
the manufacturing of FFR.

According to the results of experimental research, 
analytical dependences are obtained (see Table 3), 
which are considered as objective functions with con-
trolled variables ΔS, F in Equation 8:

  (8)

The limits of the level of tension force, the amount of 
leakage and the cost of the strap are set in Condition 9:

 ; ;  (9)

Where:
Cp – maximal cost acceptable by the manufacturer (€).
Target functions do not have extremes within the es-

tablished limits. The range of optimal values is defined 
graphically as the points of intersection of the graphs of 
the change in length at specific head tension forces and 
the limit value of the suction volume in the obturation 
strap (see Figure 4).

For all the tested types of elastic straps, the volume of 
air leaking under the facepiece is increased with the sur-
face area of the strap resulting from elongation caused by 
repeating donning and doffing cycles. The changes in the 
volume of air leaking under the facepiece were the most 
significant for the No. 2 strap and the least for the No. 3 

Table 4: The results of comparing the calculated and 
experimental data of the elastic straps under consideration

Total response 
function

Number of the elastic strap
і = 1 і = 2 і = 3 і = 4 і = 5

∑Qcal., cm3/min 862 558 399 531 427
∑Qp, cm3/min 862.16 554.20 397.73 531.10 427.20
∑ε, % 2.550 1.770 1.260 0.420 0.007

Figure 4: The change in the volume of air leaking under the facepiece on the area of the elastic strap at the tension force  
of (a) F = 5N and (b) F= 3N.
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strap, regardless of the applied tension force. Only for 
strap No. 3, the leakage was acceptable from the point of 
view of the limitations described by Condition 9.

The theoretical calculations show that the change in 
the elastic strap area affects the volume of air leaking 
into the breathing zone due to the gaps between the face 
and the facepiece, resulting from the weakening of the 
tension force. Experimental data show the increase in 
leakage due to the deterioration of the tensile forces of 
the tape, especially after the first application, which is 
due to other reasons (Roberge et al., 2012). The de-
crease in the tension forces created by the elastic straps 
during constant stretching (straps No. 1 and 2) can result 
from the rupture of some transverse bonds in the middle 
of the strap or due to the deformation of its spiral shape 
(its linearization) affecting the strap’s ability to recover 
its original dimensions (Niezgoda et al., 2013). It can be 
argued that the increased leakage of contaminated air is 
more affected by the structural changes of the strap re-
sulting from repeated donning and doffing, nevertheless 
leading to its lengthening and changing the total area. 
The problem is also aggravated by the difference in ten-
sion between the upper and the lower strap, leading to an 
uneven distribution of compressive forces behind the 
seal (Roberge et al., 2014). In this regard, the half mask 
must be equipped with certain structural elements that 
allow the control of the tension of the elastic straps while 
providing timely tightening to restore a sufficient amount 
of pressure of the facepiece to the face. In most commer-
cially available respirators, such an element is missing. 
Usually, respirator manufacturers pay more attention to 
the shape of the seal. After all, this element of the FFR is 
the most responsible one for isolating the respiratory 
tract from harmful airborne contaminants (Okrasa, 
Nowak et al., 2021; Okrasa, Majchrzycka et al., 
2021). However, regardless of the seal’s design, it is im-
portant to control the loosening of the headband. Of 
course, the user can tighten the elastomeric tape at his 
discretion, but it is difficult for him to achieve with the 
help of tactile sensation, the uniformity of the tension of 
the upper and lower tape. Moreover, the user can be una-
ware of the elongation in some situations. Therefore, it 
would be beneficial to control the tension force generat-
ed by straps allowing for a timely reaction of the user.

There are various options for solving the problem of 
isolating the face after re-wetting the filter mask (Lei et 
al., 2014; Gutierrez et al., 2014; Cai et al., 2018). One 
of the new interesting solutions is the use of special in-
serts with multi-colored indicators, which are fixed to 
the FFR’s facepiece allowing for the constant monitor-
ing of the tension generated by the elastic straps (see 
Figure 5) (Klymov, 2020).

Depending on the applied force, the spring stretches 
and allows the user to control the tension force, focusing 
on the color change, which is visible through the slot of 
a special insert. The green color indicates the optimal 
tension force (in the range of 5-6 N), for which the nec-

essary fit of the FFR should be maintained (Chebe-
riachko et al., 2022). The red color indicates a tension 
force over 7 N, which could lead to scrapes, indenta-
tions, bruising or chafing due to excessive tension 
(Tretyakova, 2010). The orange color indicates insuffi-
cient tension force (below 4 N). In this case, the face-
piece could quickly move on the face, and as a result, the 
protective properties of the FFR would be compromised.

The research results are also worth paying attention to 
because of the importance of selecting the type of elas-
tomeric straps. On the one hand, respirator manufactur-
ers are trying to ensure an acceptable price for FFRs, and 
on the other hand, there is a need to select straps for 
different classes of devices. FFRs differ in their protec-
tive efficiency (FFP1 – the lowest; FFP3 – the highest) 
and application. If the strap does not provide the appro-
priate amount of tension, especially in half masks of pro-
tection class FFP3, it leads to a significant risk of dan-
gerous aerosols entering the user’s lungs and, over time, 
occupational diseases. This, in turn, forces employers to 
approach the selection of respirators more carefully to 
check their quality at a specific workplace. There is a 
need to consider the mode of operation, at least the num-
ber of removals and donnings of half-masks during one 
work shift; although there is no such option, it is consid-
ered that the respirator is worn once and used during the 
entire shift. However, there are often cases of the need to 
reuse respirators (Richardson et al., 2020). The knowl-
edge of the use conditions is necessary to pay attention 
to the area of the tape, which helps monitor and control 
its efficiency during its use.

1

2

3

А

А 
(increased)

4 5

Figure 5: The facepiece of FFR with the special insert to 
control the tension of a strap: 1 - facepiece; 2 - special inserts 

for fastening the head strap; 3 - elastic strap; 4 - multi-
colored plates; 5 – spring.

4. Conclusions

The approach to selecting geometric dimensions of 
elastic head straps of the FFR by the criterion of their 
geometric shape and tension forces has been proposed, 
which ensures the allowable leakage of polluted air into 
the mask space during repeated removal and donning of 
the FFR. The mathematical model has been formed, 
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which describes the influence of elastomeric head straps’ 
parameters on the respirator’s protective properties. The 
dependence of the changes in the residual tension forces 
of the elastic straps has been determined. It has been es-
tablished that really after eight donning and doffing cy-
cles of the FFR, the elastic forces of elastic straps are 
weakened due to their stretching from 38 to 74%, which 
impairs the protective properties of FFR. The depend-
ence of the volume of air entering through the gaps be-
tween the face and the half mask, which are formed due 
to the weakening of the tension force of the head straps 
due to the change in the area of the elastic strap, was re-
vealed, which allows for the determination of its type for 
a specific design of the respirator, based on the operating 
conditions.

A possible solution to this problem would be to intro-
duce special inserts to visualize the level of attenuation 
of clamping forces to control the level of stretching of 
the elastomeric head straps of the FFR. Special inserts 
for controlling the tension force of the elastomeric head-
gear must have the width (length) of the coloring zone in 
a certain color (green, yellow, red), which corresponds 
to the size of the elongation of the elastomeric strap, 
based on its type, which will be responsible for the per-
missible and unacceptable value of air entering through 
the gaps between the half mask and face. An important 
structural element of such inserts is a spring, the tension 
force of which should be in the range of 3-5 N, to ensure 
comfortable conditions for workers and to minimize the 
volume of air entering through the gaps between the face 
and half mask. The obtained result is determined by the 
properties of elastomeric straps (their elasticity, stiff-
ness, wear resistance, breaking force, and construction) 
depending on the operating conditions, including repeat-
ed use.

The research was conducted with respirators of the 
second class of protection, but the problem under con-
sideration is also relevant for other classes, for which 
additional experiments must be conducted.

5. References

79 FR 24813 (2014): Lowering Miners’ Exposure to Respira-
ble Coal Mine Dust, Including Continuous Personal Dust 
Monitors.

Akbar-Khanzadeh, F., Bisesi, M.S., and Rivas, R.D. (1995): 
Comfort of personal protective equipment. Applied ergo-
nomics, 26(3), 195-198. https://doi.org/10.1016/0003-6870 
(95)00017-7.

Bazaluk, O., Cheberiachko, S., Cheberiachko, Y., Deryugin, 
O., Lozynskyi, V., Knysh, I., Saik, P., and Naumov, M. 
(2021): Development of a Dust Respirator by Improving 
the Half Mask Frame Design. International Journal of En-
vironmental Research and Public Health. 18(10), 5482. 
https://doi.org/10.3390/ijerph18105482.

Blackley, D.J., Halldin, C.N., and Laney, A.S. (2014): Resur-
gence of a debilitating and entirely preventable respiratory 

disease among working coal miners. American journal of 
respiratory and critical care medicine, 190(6), 708–709. 
https://doi.org/10.1164/rccm.201407-1286LE.

Blackley, D.J., Crum, J.B., Halldin, C.N., Storey, E., and 
Laney, A.S. (2016): Resurgence of Progressive Massive 
Fibrosis in Coal Miners - Eastern Kentucky. MMWR 
Morb Mortal Wkly Rep 2016; 65, 1385-1389. http://dx.doi.
org/10.15585/mmwr.mm6549a1.

Caggiari, S., Keenan, B., Bader, D.L., Mavrogordato, M.N., 
Rankin, K., Evans, S.L., and Worsley, P.R. (2022): A com-
bined imaging, deformation and registration methodology 
for predicting respirator fitting. PloS one, 17(11), 
e0277570. https://doi.org/10.1371/journal.pone.0277570.

Cai, M., Li, H., Shen, S., Wang, Y., and Yang, Q. (2018): Cus-
tomized design and 3D printing of face seal for an N95 
filtering facepiece respirator. Journal of Occupational and 
Environmental Hygiene, 15(3), 226-234. https://doi.org/10
.1080/15459624.2017.1411598.

Campbell, D.L., Coffey, C.C., and Lenhart, S.W. (2001). Res-
piratory protection as a function of respirator fitting char-
acteristics and fit-test accuracy. AIHAJ: a journal for the 
science of occupational and environmental health and 
safety, 62(1), 36-44. https://doi.org/10.1080/15298660108 
984607.

Cheberiachko, S., Cheberiachko, Y., Deryugin, O., Kravchen-
ko, B., Nehrii, T., Nehrii, S., and Zolotarova, O. (2023): 
Increasing the insulation properties of filter respirators to 
protect miners’ respiratory organs from dust. Rudarsko-
geološko-naftni zbornik, 38 (4), 27-40. https://doi.org/ 
10.17794/rgn.2023.4.3.

Cheberiachko, S., Cheberiachko, Y., Sotskov, V., and Tytov, O. 
(2018): Analysis of the factors influencing the level of pro-
fessional health and the biological age of miners during un-
derground mining of coal seams. Mining of Mineral Depos-
its. 12(3), 87-96. https://doi.org/10.15407/mining12.03.087.

Cheberyachko S, Tretiakova L, Kolosnichenko M, and Ostap-
enko, N. (2020): Designing filtering half-masks. Vlákna a 
textil, 27(3), 82-89.

Cheberyachko, S., Cheberyachko, Y., Naumov, M., and Der-
yugin, O. (2022): Development of an algorithm for effec-
tive design of respirator half-masks and encapsulated par-
ticle filters. International journal of occupational safety 
and ergonomics: JOSE, 28(2), 1145–1159. https://doi.org/1
0.1080/10803548.2020.1869429.

Chen, Y., Wang, J., and Yang, Z. (2015): The human factors/er-
gonomics studies for respirators: a review and future work. 
International Journal of Clothing Science and Technology. 
27, 652-676. https://doi.org/10.1108/IJCST-06-2014-0077.

Chopra, J., Abiakam, N., Kim, H., Metcalf, C., Worsley, P., 
and Cheong, Y. (2021): The influence of gender and eth-
nicity on facemasks and respiratory protective equipment 
fit: a systematic review and meta-analysis. BMJ global 
health, 6(11), e005537. https://doi.org/10.1136/bmjgh- 
2021-005537.

De Matteis, S., Heederik, D., Burdorf, A., Colosio, C., Culli-
nan, P., Henneberger, P.K., Olsson, A., Raynal, A., Rooi-
jackers, J., Santonen, T., Sastre, J., Schlünssen, V., van 
Tongeren, M., Sigsgaard, T., and European Respiratory 
Society Environment and Health Committee (2017): Cur-

https://doi.org/10.1016/0003-6870(95)00017-7
https://doi.org/10.1016/0003-6870(95)00017-7
https://doi.org/10.1164/rccm.201407-1286LE
http://dx.doi.org/10.15585/mmwr.mm6549a1
http://dx.doi.org/10.15585/mmwr.mm6549a1
https://doi.org/10.1371/journal.pone.0277570
https://doi.org/10.15407/mining12.03.087
https://doi.org/10.1080/10803548.2020.1869429
https://doi.org/10.1080/10803548.2020.1869429
https://doi.org/10.1136/bmjgh-2021-005537
https://doi.org/10.1136/bmjgh-2021-005537


139 The influence of head strap elasticity on the protective properties of filtering facepiece respirators

Copyright held(s) by author(s), publishing rights belongs to publisher, pp. 131-140, DOI: 10.17794/rgn.2024.1.11

rent and new challenges in occupational lung diseases. Eu-
ropean respiratory review: an official journal of the Euro-
pean Respiratory Society, 26(146), 170080. https://doi.
org/10.1183/16000617.0080-2017.

EN 149:2001+A1 (2009): Respiratory protective devices. Fil-
tering half masks to protect against particles. Require-
ments, testing, marking.

Feary, J., Lindstrom, I., Huntley, C.C., Suojalehto, H., and de 
la Hoz, R.E. (2023): Occupational lung disease: when 
should I think of it and why is it important? Breathe (Shef-
field, England), 19(2), 230002. https://doi.org/10.1183/ 
20734735.0002-2023.

Golinko, V.I., Cheberiachko, S.I., and Yavorska, O.O. (2018). 
Evaluation оf the Protective Properties of Filtering Half-
Masks by Measuring Pressure Difference. Science and 
 Innovation, 14(3), 40-48. https://doi.org/10.15407/scine14. 
03.040.

Graveling, R. (2017): The Ergonomics of Respiratory Protec-
tion. In: Racz, L., Yamamoto, D.P., and Eninger, R.M. 
(Eds.). Handbook of Respiratory Protection: Safeguarding 
Against Current and Emerging Hazards (1st ed.). CRC 
Press. https://doi.org/10.4324/9781351109079.

Gutierrez, A.A., Galang, M.D., Seva, R.R., Lu, M.C., and Ty, 
D.S. (2014): Designing an improved respirator for auto-
motive painters. International Journal of Industrial Ergo-
nomics, 44 (1), 131-139. https://doi.org/10.1016/j.ergon. 
2013.11.004.

Han, D.H., Park, Y., and Woo, J.J. (2018): Effect of the tight 
fitting net on fit performance in single-use filtering face-
pieces for Koreans. Industrial health, 56(1), 78–84. https://
doi.org/10.2486/indhealth.2017-0069.

Jin, Y., Fan, J.G., Pang, J., Wen, K., Zhang, P.Y., Wang, H.Q., 
and Li, T. (2018): Risk of Active Pulmonary Tuberculosis 
among Patients with Coal Workers’ Pneumoconiosis: A 
Case-control Study in China. Biomedical and Environ-
mental Sciences, 31(6), 448-453. https://doi.org/10.3967/
bes2018.058.

Klymov, D., Golinko, V., Cheberiachko, S., Cheberiachko, Y., 
and Deryugin, O. (2020): Dust respirator (Протипиловий 
респіратор), Patent UA 140878 (in Ukrainian – no Eng-
lish abstract).

Kwon, Y.J., Kim, J.G., and Lee, W. (2022): A framework for 
effective face-mask contact modeling based on finite ele-
ment analysis for custom design of a facial mask. PloS 
one, 17(7), e0270092. https://doi.org/10.1371/journal.pone. 
0270092.

Laney, A.S., and Weissman, D.N. (2014): Respiratory diseases 
caused by coal mine dust. Journal of occupational and 
 environmental medicine, 56 Suppl 10(0 10), S18–S22. 
https://doi.org/10.1097/JOM.0000000000000260.

Laney, A.S., Petsonk, E.L., and Attfield, M.D. (2010): Pneu-
moconiosis among underground bituminous coal miners in 
the United States: is silicosis becoming more frequent? 
Occupational and environmental medicine, 67(10), 652–
656. https://doi.org/10.1136/oem.2009.047126.

Lei, Z., Yang, J., and Zhuang, Z. (2014): A novel algorithm for 
determining contact area between a respirator and a head-
form. Journal of occupational and environmental hygiene, 

11(4), 227–237. https://doi.org/10.1080/15459624.2013.85
8818.

Leigh, J., Macaskill, P., Kuosma, E., and Mandryk, J. (1999). 
Global burden of disease and injury due to occupational fac-
tors. Epidemiology (Cambridge, Mass.), 10(5), 626–631.

Makowski, K., and Okrasa, M. (2019): Application of 3D 
scanning and 3D printing for designing and fabricating 
customized half-mask facepieces: A pilot study. Work 
(Reading, Mass.), 63(1), 125–135. https://doi.org/10.3233/
WOR-192913.

Małgorzata, O.,Cheberyachko, S., Radchuk, D., Deryugin, O., 
and Sharovatova, O. (2023): Evaluation of properties of 
elastomeric head straps of filtering facepiece respirators. 
International Journal of Occupational Safety and Ergo-
nomics, 29(4), 1294-1300. https://doi.org/10.1080/108035
48.2023.2257066.

Mueller, A.V., Eden, M.J., Oakes, J.M., Bellini, C., and Fer-
nandez, L.A. (2020): Quantitative Method for Compara-
tive Assessment of Particle Removal Efficiency of Fabric 
Masks as Alternatives to Standard Surgical Masks for PPE. 
Matter, 3(3), 950–962. https://doi.org/10.1016/j.matt.2020. 
07.006.

Nehrii, S., Nehrii, T., Volkov, S., Zbykovskyy, Y., and Shvets, 
I. (2022): Operation complexity as one of the injury factors 
of coal miners, Mining of Mineral Deposits, 16(2), 95-102. 
https://doi.org/10.33271/mining16.02.095.

Nehrii, S., Nehrii, T., Zolotarova, O., Glyva, V., Surzhenko, 
A., Tykhenko, O., and Burdeina, N. (2022): Determining 
Priority of Risk Factors in Technological Zones of Long-
walls, Journal of Mining and Environment, 13(3), 751-
765. https://doi.org/10.22044/jme.2022.12142.2216.

Niezgoda, G., Kim, J.H., Roberge, R.J., and Benson, S.M. 
(2013): Flat fold and cup-shaped N95 filtering facepiece 
respirator face seal area and pressure determinations: a ste-
reophotogrammetry study. Journal of occupational and en-
vironmental hygiene, 10(8), 419–424. https://doi.org/10.10
80/15459624.2013.801246.

O’Kelly, E., Arora, A., Pirog, S., Ward, J., and Clarkson, P.J. 
(2022): Experimental Measurement of the Size of Gaps 
Required to Compromise Fit of an N95 Respirator. Disas-
ter medicine and public health preparedness, 17, e118. 
https://doi.org/10.1017/dmp.2022.23.

Okrasa, M., Cheberyachko, S., Radchuk, D., Deryugin, O., 
and Sharovatova, O. (2023): Evaluation of properties of 
elastomeric head straps of filtering facepiece respirators. 
International journal of occupational safety and ergonom-
ics: JOSE, 29(4), 1294–1300. https://doi.org/10.1080/1080
3548.2023.2257066.

Okrasa, M., Leszczyńska, M., Sałasińska, K., Szczepkowski, 
L., Kozikowski, P., Nowak, A., Szulc, J., Adamus-Wło-
darczyk, A., Gloc, M., Majchrzycka, K., and Ryszkowska, 
J. (2022): Viscoelastic Polyurethane Foams with Reduced 
Flammability and Cytotoxicity. Materials, 15, 151. https://
doi.org/10.3390/ma15010151.

Okrasa, M., Leszczyńska, M., Sałasińska, K., Szczepkowski, 
L., Kozikowski, P., Majchrzycka, K., and Ryszkowska, J. 
(2021): Viscoelastic Polyurethane Foams for Use in Seals 
of Respiratory Protective Devices. Materials. 14(7), 1600. 
https://doi.org/10.3390/ma14071600.

https://doi.org/10.15407/scine14.03.040
https://doi.org/10.15407/scine14.03.040
https://doi.org/10.2486/indhealth.2017-0069
https://doi.org/10.2486/indhealth.2017-0069
https://doi.org/10.3967/bes2018.058
https://doi.org/10.3967/bes2018.058
https://doi.org/10.1371/journal.pone.0270092
https://doi.org/10.1371/journal.pone.0270092
https://doi.org/10.1097/JOM.0000000000000260
https://doi.org/10.1136/oem.2009.047126
https://doi.org/10.3233/WOR-192913
https://doi.org/10.3233/WOR-192913
https://pubmed.ncbi.nlm.nih.gov/?term=Ma%C5%82gorzata+O&cauthor_id=37711019
https://pubmed.ncbi.nlm.nih.gov/?term=Serhii+C&cauthor_id=37711019
https://pubmed.ncbi.nlm.nih.gov/?term=Dmytro+R&cauthor_id=37711019
https://pubmed.ncbi.nlm.nih.gov/?term=Oleg+D&cauthor_id=37711019
https://pubmed.ncbi.nlm.nih.gov/?term=Olena+S&cauthor_id=37711019
https://doi.org/10.1080/10803548.2023.2257066
https://doi.org/10.1080/10803548.2023.2257066
https://doi.org/10.1016/j.matt.2020.07.006
https://doi.org/10.1016/j.matt.2020.07.006
https://www.scopus.com/authid/detail.uri?authorId=57204393910#disabled
https://doi.org/10.33271/mining16.02.095
https://www.scopus.com/authid/detail.uri?authorId=57204393910#disabled
https://doi.org/10.22044/jme.2022.12142.2216
https://doi.org/10.1080/15459624.2013.801246
https://doi.org/10.1080/15459624.2013.801246
https://doi.org/10.1017/dmp.2022.23
https://sciprofiles.com/profile/1466558?utm_source=mdpi.com&utm_medium=website&utm_campaign=avatar_name


Tretiakova, L., Cheberyachko, Y., Sharovatova, O., Nehrii, T., Nehrii, S., Kravchenko, B., Zolotarova, O. 140

Copyright held(s) by author(s), publishing rights belongs to publisher, pp. 131-140, DOI: 10.17794/rgn.2024.1.11

Pekarcikova, M., Trebuna, P., Kliment, M., and Kral, S. 
(2022): Case Study: 3D Modelling and Printing of a Plas-
tic Respirator in Laboratory Conditions. Applied Sciences. 
12(1), 96. https://doi.org/10.3390/app12010096.

Regli, A., Sommerfield, A., Ungern-Sternberg, B.S. (2021): 
The role of fit testing N95/FFP2/FFP3 masks: a narrative 
review. Anaesthesia 76(1), 91-100. https://doi.org/10.1111/
anae.15261.

Richardson, A.W., Hofacre, K.C., Keyes, P.H., Thurston, 
R.M., and Clay, J.D. (2020): Strap Performance of N95 
Filtering Facepiece Respirators After Multiple Decontami-
nation Cycles. MRS advances, 5(56), 2881–2888. https://
doi.org/10.1557/adv.2020.378.

Roberge, R. J., Palmiero, A. J., Liu, Y., Kim, J. H., and Zhuang, 
Z. (2014): Effect of upper strap downward displacement 
on n95 filtering facepiece respirator fit factors: a pilot 
study. Journal of occupational and environmental hygiene, 
11(5), 338–341. https://doi.org/10.1080/15459624.2013.86
6716.

Roberge, R., Niezgoda, G., and Benson, S. (2012): Analysis of 
forces generated by n95 filtering facepiece respirator teth-
ering devices: a pilot study. Journal of occupational and 
environmental hygiene, 9(8), 517–523. https://doi.org/10.1
080/15459624.2012.695962.

Rothamer, D.A., Sanders, S., Reindl, D., and Bertram, T. H. 
(2021): Strategies to minimize SARS-CoV-2 transmission 
in classroom settings: combined impacts of ventilation and 
mask effective filtration efficiency. Science and Technolo-
gy for the Built Environment. 27(9), 1181–1203. https://
doi.org/10.1080/23744731.2021.1944665.

Strzemecka, J., Goździewska, M., Skrodziuk, J., Galińska, E. 
M., and Lachowski, S. (2019): Factors of work environ-
ment hazardous for health in opinions of employees work-
ing underground in the ‘Bogdanka’ coal mine. Annals of 
agricultural and environmental medicine: AAEM, 26(3), 
409–414. https://doi.org/10.26444/aaem/106224.

Tomášková, H., Šplíchalová, A., Šlachtová, H., Urban, P., 
Hajduková, Z., Landecká, I., Gromnica, R., Brhel, P., Pel-
clová, D., and Jirák, Z. (2017): Mortality in Miners with 
Coal-Workers’ Pneumoconiosis in the Czech Republic in 
the Period 1992-2013. International journal of environ-
mental research and public health, 14(3), 269. https://doi.
org/10.3390/ijerph14030269.

Tretyakova, L.D. (2010): A method of assessing the reliability 
of complex means of protection (Метод оцінки 
надійності складних засобів захисту). Informatsiinyi 
biuleten z okhorony pratsi. 2010, 3(57), 29-31. (in Ukrain-
ian – no English abstract).

SAŽETAK

Utjecaj elastičnosti remena za glavu na zaštitna svojstva filtrirajuće respiratorne 
zaštitne maske

Još uvijek je prisutna visoka razina profesionalnih bolesti dišnoga sustava među radnicima u rudarstvu, strojogradnji i 
metalurškoj industriji. Najčešća profesionalna bolest dišnoga sustava jest pneumokonioza koja je posljedica dugotrajno-
ga udisanja prašine. Moguće je smanjiti utjecaj prašine na radnike i eliminirati takve bolesti pomoću filtracijskih respi-
ratora koji smanjuju prodiranje prašine u prostor ispod maske. U svrhu poboljšanja uporabe respiratora istraživan je iz-
bor vrste elastičnih traka filtrirajuće maske na temelju geometrijskoga oblika i sila napetosti koje mogu osigurati dopu-
štenu razinu propuštanja kontaminiranoga zraka u zonu disanja. Razvijen je matematički model za opis utjecaja 
parametara izolacijskoga pokrivala za glavu na zaštitna svojstva respiratora. Utvrđena je ovisnost promjene rezidualne 
vlačne čvrstoće elastičnih traka za glavu te je određena ovisnost volumena usisa zraka o površini elastičnih traka pri od-
govarajućoj sili zatezanja. Pomoću modela procijenjena je ovisnost volumena dotoka onečišćenoga zraka o površini ela-
stičnih traka pri odgovarajućoj sili zatezanja. Ponuđen je dizajn inovativnih umetaka koji omogućuje kontrolu napetosti 
remena za glavu respiratora kako bi se signaliziralo slabljenje sila pritiska odgovornih za održavanje čvrstoga prianjanja.

Ključne riječi: 
profesionalna bolest, zaštita dišnoga sustava radnika, respirator maske za filtriranje, elastična traka, poboljšani dizajn

Authors’ contribution

Larisa Tretiakova (doctor of technical sciences, professor): initiated the idea, established dependencies and criteria, 
lead the whole process and supervised. Yurii Cheberiachko (doctor of technical sciences, professor): initiated the idea, 
developed a methodological approach, established dependencies and criteria. Olena Sharovatova (PhD, associate pro-
fessor): analyzed literary sources, processed and analyzed results, constructed graphs. Tetiana Nehrii (PhD, associate 
professor): reviewed the article, completed the literature review, analyzed the results. Serhii Nehrii (doctor of technical 
sciences, professor): analyzed literary sources of information, performed general editing of the article, constructed 
graphs. Bohdan Kravchenko (graduate student): processed the results. Oksana Zolotarova (PhD, associate profe-
ssor): submitted and reviewed the paper.

https://doi.org/10.3390/app12010096
https://www.tandfonline.com/author/Bertram%2C+Timothy+H

