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ABSTRACT
Frequent donning and doffing of filtering facepiece respirators (FFRs) can reduce their effectiveness
due to the residual deformation of their elastic head straps. This study investigates the loss of elas-
ticity of head straps during repeated use. Five elastomeric tapes were tested as FFR head straps, and
their tensile strengthwasmeasured using a DU-100 dynamometer after repeated donning and doffing
cycles. After eight consecutive uses, the protection factor drops significantly, requiring strap length
adjustments to guarantee the specified level of user protection. The maximum tensile force of the
elastomeric head straps causes residual elongation, which remains consistent after eight cycles. The
study also establishes how strap elongation depends on the force and number of donning and doffing
cycles. This knowledge is vital for designing better FFRs. Additionally, the research explores alternative
materials for FFR construction to address strap elongation and its effects on performance and comfort.
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1. Introduction

Filtering facepiece respirators (FFRs) play a crucial role in safe-
guarding workers’ respiratory systems from harmful aerosols
or industrial dust during their professional activities. Moulded
half masks are among the most common type (Figure 1). Their
widespread use is attributed to the adequate protection they
provide, their simplistic design and ease of use. Recently, they
have become an essential tool formedical professionals caring
for patients with COVID-19 [1].

The key to ensuring the safety of FFR users lies in the tight
fit of the facepiece against the user’s face [2]. This largely
depends on two factors: the extent to which the facepiece
design aligns with the user head’s anthropometric dimensions
and the amount of force applied by elastomeric head straps to
secure the facepiece to the user’s face. Often, issues surround-
ing adequate FFRprotection arise inmaintaining thenecessary
tension in the head strap, as inadequate tension can lead to
gaps that permit the ingress of polluted air into the breathing
zone, thereby diminishing the FFR’s protective properties.

Disposable FFRs, marked as ‘NR’ (non-reusable) according
to the European standards [3], are advised to be discarded
after one work shift or 4–8 h of use. However, FFRs marked as
‘R’ (reusable) can be used multiple times. Real-world practice
often sees FFRs being repeatedly removed and put on dur-
ing work shifts, potentially leading to a loss of elasticity in the
elastomeric head straps due to frequent stretching, which can
cause deformation and even breakage. Unfortunately, during
the laboratory tests of FFRs, the quality of elastomeric head
straps is typically only assessed during practical performance
tests, and there is no provision for determining residual defor-
mation following multiple donning and doffing cycles of the
FFR [3].

Hence, for FFR manufacturers, the development of suitable
methods and results for such studies is pertinent for choos-
ing elastomeric straps materials, which would provide the
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specified level of protective properties of the FFRs throughout
their intended service life.

Certain studies have also evaluated the impact of respira-
tory protective equipment (RPE) storage time on the proper-
ties of its elastomeric straps, demonstratinghow tension forces
change when the FFR is worn infrequently [4]. It was also dis-
covered that the upper strap has a more significant impact on
the FFR’s leak-tightness than the lower strap, suggesting that
different materials could be utilized in their manufacture [5].

The results of the study were later substantially enhanced
through the application of three-dimensional imaging appara-
tus. This enabled determination of the sealing interface estab-
lished between the user’s facial contour and the perimeter of
the FFR as well as the spatial distribution of the compressive
forces exerted behind the seal. A noteworthy observation was
recorded post the ultraviolet disinfection procedure applied
to the straps, a process shown to compromise their inherent
tensile strength [6].

The hygienic and ergonomic properties of RPE, includ-
ing the mechanical pressure exerted by the facepiece on the
human face, play a significant role in the potential adverse
effects on users [7–9]. Limited use of RPE is often reported
in workplaces due to local pain or discomfort caused by the
device. At the same time, the pressure applied by the front part
of the FFR facepiece ensures a tight fit around the sealing strip.
Studies indicate that this pressure can range from 5 to 30 N,
depending on the tension of the head strap [10–12]. Such a
wide pressure range is attributed to some workers’ attempts
to secure the FFR more tightly against the face to prevent the
penetration of unfiltered air into the breathing zone. This leads
to facial pressure sores or skin irritation, often leading to the
removal of the FFR and subsequent degradation of the elas-
tomeric head straps, as demonstrated by Pires et al. [13]. The
researchers showed that the deterioration of elastic properties
occurred after 10–14 days of use of the reusable FFR. Some
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Figure 1. Design of the typical filtering facepiece respirator. Note: 1 = nose
clip; 2 = elastomeric head straps; 3 = exhalation valve; 4 = inner seal;
5 = filtering material (filtering facepiece). The full colour version of this figure
is available online.

studies have shown how the environmental conditions and
temperatures can affect the preservation of the properties of
suchmaterials [14]. In other works, the hypothesis that the res-
pirator can be used up to five times was tested [15–17]. To
validate this, the authors presented the outcomes of determin-
ing the fit after 20 wearing cycles. However, the investigation
did not draw any correlations or conclusions related to the
elongation of the FFR’s elastomeric head straps.

Consequently, a task emerged to establish the dependence
between the relative elongation of the elastomeric strap, the
applied force and the number of donning and doffing cycles,
to elucidate any potential degradation in the FFR’s protective
properties.

This article seeks to identify the lifespan of the elasticity of
elastomeric head straps of the FFR. To achieve this aim, we
have ascertained the relative elongation of the elastomeric
head straps in response to tension, which could be interpreted
into technical specifications for FFR production. We have also
investigated the strap elongation following multiple cycles of
donning and doffing and evaluated the impact of this elon-
gation on the FFR’s fit. We have also explored strategies for
improving the overall performance of the strap. One such
option included the integration of specialized plastic inserts
into the head harness of the FFR.

2. Materials andmethods

2.1. Filtering facepiece respirators

Five different types of elastomeric tapes were selected for this
experimental study (Figure 2). Their corresponding technical
specifications are presented in Table 1. The selected tapes are
among the most commonly used in FFR designs and are read-
ily available on themarket. Each tapewasused to construct the
head straps for the Standard 213 FFP2 NRmodel of FFR, which
is mass-produced by LLC SPE Standart (Ukraine). All straps
were affixed to the facepiece through ultrasonic welding. The
length of each strap was consistently 320mm, ameasurement
thatwasdeterminedbasedon theanthropometric dimensions
of the users.

Each strap was marked at 5-mm intervals, allowing for pre-
cise measurement of their elongation due to applied force.
A TOPEX 50-cm 31C050 metal ruler (TOPEX, Poland), with an
uncertainty ofU = 0.1mm,was used for thesemeasurements.

Figure 2. Types of elastomeric tapes used in design of the filtering facepiece
respirator (FFR). Note: 1 = round thin; 2 = round large; 3 = wide rectangular;
4 = narrow rectangular; 5 = ordinary.

The markings on the straps were made manually using a ‘pig-
ment liner 0.5’ marker from STA Company (China), with a rod
thickness of 0.5mm.

Experiments were performed with human participants, as
a head model cannot provide the required tightness of the
facepiece, and the use of sealants (e.g., adhesive tape or latex
glue) could affect the test results by reducing the breathing
surface and interfering with the head straps. The participants
in the study were selected based on medical factors and an
absence of facial hair and scars to ensure consistency. A total
of five individuals (three men and two women) were chosen
as test subjects. Prior to the tests, the test subjects provided
their written consent for the processing of collected data and
underwent initial instruction on the proper use of the FFRs.

The FFR was then put on the face of the participant accord-
ing to themanufacturer’s instructions (lower strap on the neck,
upper strap on the back of the head). A seal check was per-
formed before each round of tests to avoid leakage. If neces-
sary, the FFR was readjusted.

2.2. Tensile strength of the elastomeric head strap

The tension of elastomeric head straps wasmeasured with the
DU-100 dynamometer (PromTechniMashPrylad, Ukraine). The
accuracy of the force measurements was equal to 0.5 N, with a
deviation from the measured value of 0.04 N.

The tensile strength of the FFR’s head strap was gradually
increased. To achieve this, a dynamometerwas attached to the
headband, positioning the straps at the centre to ensure they
stretched uniformly. The tensile forcewas applied perpendicu-
lar to the axis of the facepiece (Figure 3). The test operator car-
ried out the stretching and meticulously adjusted the tension
of the elastomeric straps by monitoring the dynamometer’s
scale. All data gatheredwere documented in thework records.

2.3. Pressure drop and protection factor

The change in the pressure drop across the respirator was
also evaluated using the differential Testo 512 pressure gauge
(U = 0.1 Pa; TESTO AG, Germany) with an accuracy of 1 Pa
(Figure 3). The pressure drop data were also monitored and
recorded in the working records, which allowed calculation
of the protection factor of the FFR according to the following
equation [18]:

K3 = 1 + Ki
ηc + Kiηn

, (1)
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Table 1. Technical specifications of elastomeric tapes.

Elastomeric
strap sample
number

Country of
manufacturer

Composition of
raw materials (%)

Width
(mm)

Breaking
force (N)

Surface
density
(g /m2)

Maximum
elongation

(%)

1 China PE 39, el. thread 10.6, PP 50.2 4 35 120 125

2 Ukraine PE 76.7, el. thread 23.3 5 43 153 92

3 China PE 63.3, el. thread 36.7 10 82 220 74

4 Belorussia PE 68.2, el. thread 31.8 5 57 175 85

5 Poland PE 69.6, el. thread 30.4 7 63 183 81

Note: 1 = round thin; 2 = round large; 3 = wide rectangular; 4 = narrow rectangular; 5 = ordinary; PE = polyethylene; PP - polypropylene.

Figure 3. General view of laboratory tests. Note: 1 = respirator model Stan-
dard 213 FFP2 NR (LLC SPE Standart, Ukraine); 2 = elastomeric head straps;
3 = dynamometer DU-100 (PromTechniMashPrylad, Ukraine); 4 = differential
pressure gauge Testo 512 (TESTO AG, Germany). The full colour version of this
figure is available online.

where Ki = airflow coefficient in the obturation strip; ηc =
penetration coefficient of the filtering material of the FFR;
ηn = leakage coefficient through the slits in the obturation
strap of the FFR.

Ki is determined by the following equation [18]:

Ki = �pr · Rf
�pf · Rr + 1, (2)

where�pr = pressure drop in the FFR (Pa); Rf = aerodynamic
drag of the filtering material (N·s /m5); �pf = pressure drop
on the filteringmaterial of the FFR (Pa);Rr = aerodynamicdrag
of the FFR (N·s /m5).

The filtration efficiency and leakage coefficient of the FFR
were determined according to the method described by
Cheberiachko et al. [19]. The FFR used in the study is man-
ufactured using the filtering material ELEFLEN, which has
a penetration coefficient ranging between 0.01 and 0.05%
[11]. Furthermore, the leakage coefficient through any gaps
between the user’s face and the FFR was found to be 0.005%.
The determination of the air flow resistance of the ELEFLEN
filtering material was conducted according to the method
described by Cheberyachko et al. [20].

2.4. Simulatedwearing

According to ‘Simulated wearing treatment’ of Standard No.
EN 149:2001+A1:2009 [3,para.8.3.1], the donning and doffing
procedure should be repeated 20 times. In our experiment,
the donning and doffing procedure was repeated until the
elastomeric strap was elongated and the ‘equilibrium state’
was reached, i.e., the state when the elastomeric strap was no

longer elongated. Usually, during the initial period (approxi-
mately five iterations), a rapid increase in residual deforma-
tion was observed, leading to a deterioration in the fit of the
FFR to the user’s face. However, after 10–12 iterations, due
to the ordering of the material structure, the increase ceased
and the elastomeric strap reached a state of equilibrium. A
total of 10 samples of the FFR were tested. The testing sam-
ple was only used by one tester, and was disposed of after the
experiment.

2.5. Relative elongation

The relative elongation of the elastomeric straps was deter-
mined by measuring the force of tension using a PM-3-1
tensile machine with the accuracy of 0.1 N (LLC SPE Ukrin-
tech, Ukraine). Marked sections of elastomeric straps of 50mm
each were vertically firmly fixed in the clamps of the PM-3-1
tensile machine. Next, the tensile machine was turned on,
which stretched the tested samples at 100mm/min speed,
so there was no stress on the elongation. The tensile force
and relative elongation were recorded. Upon reaching the
force at which the fixed specimens were no longer stretched,
the tensile machine automatically stopped and the tests
ended. In cases where slippage did occur at the stretch-
ing phase, the test was repeated with a new sample to
ensure accurate and consistent measurements. Four sam-
ples of each type of tested elastomeric straps were prepared.
Each testing sample was used only once and disposed of
afterwards.

2.6. Calculations

The data analysis was performed usingMicrosoft Excel version
2010. For statistical analysis, a significance level of p < 0.05
was considered to determine statistical significance.

3. Results and discussion

In the initial phase, the relative elongation of the elastomeric
head straps of the FFR under the impact of tensile forces was
evaluated (Figure 4). This was done to verify compliance with
the requirements of the technical conditions for the manufac-
ture of FFRs. In particular, the elastomeric tapes of the head
strap could sustain a 20 N load for a duration of 10 s without
any failure.

The thin round tape (tape no. 1, Figure 2) exhibited the
highest relative elongation, whereas the lowest was found for
the wide rectangular tape (tape no. 3, Figure 2). The strap’s
relative elongation diminished as the tape’s width increased.
Tapeswith lower surface density demonstrated higher relative
elongations.



4 O. MAŁGORZATA ET AL.

Table 2. Elongation of elastomeric head straps due to repeated donning and doffing of the FFR.

Elastomeric strap elongation,�l / l (mm)/tensile strength,
Fn (N), during the donning and doffing procedure

Elastomeric
strap
number 1 time 3 times 5 times 8 times 10 time

Relative elongation of
elastomeric strap at end of

the experiment (%)

1 5.1± 0.3 12.3± 0.8 17.5± 0.7 18.2± 0.4 18.6± 0.6 76

/9.3± 0.5 /9.2± 0.4 /9.3± 0.4 /9.5± 0.7 /9.1± 0.3

2 1.6± 0.5 3.2± 0.4 3.6± 0.5 4.1± 0.3 4.2± 0.4 68

/8.4± 0.5 /8.3± 0.5 /8.5± 0.5 /8.4± 0.5 /8.3± 0.5

3 0.8± 0.4 1.1± 0.3 1.3± 0.4 1.5± 0.5 1.5± 0.5 35

/6.2± 0.4 /6.1± 0.4 /6.2± 0.4 /6.6± 0.5 /6.4± 0.4

4 1.2± 0.4 1.5± 0.5 1.9± 0.3 2.1± 0.3 2.2± 0.4 41

/7.1± 0.3 /7.2± 0.3 /7.1± 0.3 /7.2± 0.4 /7.2± 0.4

5 1.1± 0.3 1.4± 0.5 1.6± 0.5 1.8± 0.4 1.8± 0.4 38

/6.7± 0.5 /6.8± 0.4 /6.7± 0.5 /6.5± 0.5 /6.6± 0.5

Note: Data presented as mean± standard deviation. FFR = filtering facepiece respirator. 1 = round thin; 2 = round large; 3 = wide rectangular; 4 = narrow
rectangular; 5 = ordinary.

Figure 4. Dependence of relative elongation,�l / l (%), of elastomeric straps on
tension force, FT (N). Note: 1 = round thin; 2 = round large; 3 = wide rectan-
gular; 4 = narrow rectangular; 5 = ordinary. The full colour versionof this figure
is available online.

The subsequent phase examined the elongation of the
elastomeric head straps of the FFR due to repeated cycles of
donning and doffing (Table 2). This allowed us to determine
the residual elongation of the FFR’s elastomeric head straps,
which subsequently helped assess the deterioration of pro-
tective properties. Specifically, we calculated the protection
coefficient, which is affected by a reduction in pressing force
and an increase in unfiltered air suction throughgaps between
the face and the facepiece.

In all tested types of elastic straps, elongation increased
with the rising number of donning and doffing cycles. The
highest relative elongation was observed for the narrowest
tape (tape no. 1, Figure 2), and the lowest for the widest tape
(tape no. 3, Figure 2). Towards the end of the experiment,
the relative elongation decreased with an increase in surface
density.

Elongation of the elastomeric head straps, caused by
repeated donning and doffing of the FFR, resulted in weak-
ened pressing force of the halfmask against the user’s face The
average measured values are presented in Table 3.

One can conclude that the poorest results were obtained
for elastomeric tape no. 1 (Figure 2), which is characterized by
the minimum technical parameters, as presented in Table 1.

To ascertain the change in the FFR’s protection factor due
to the stretching of the elastomeric straps, we determined the

pressure drop loss resulting from leaks between the user’s face
and the FFR, as presented in Table 4. Table 5 presents the
calculation of the protection factor for the ‘Standard’ FFR, con-
sidering harmful aerosol leakage caused by gaps between the
user’s face and the FFR. These gaps are due to the weaken-
ing of the tension force of the head harness resulting from the
stretching of the elastomeric straps.

Experimental study results demonstrate that simulating
multiple rounds of donning and doffing of FFRs leads to a
gradual decrease in the tensile strength and internal restora-
tive properties of the elastomeric material from which they
are made. The degree of tensile strength deterioration in the
elastomeric head straps depends on the type of material and
its technical specifications, including width, elongation and
surface density (see Table 1).

It is assumed that the inner structural elements of elas-
tomeric tapes have a spiral shape, which expandswith increas-
ing force and eventually becomes linear. This transformation
impacts the tape’s ability to restore its original size (in the case
of elastomeric tape no. 1, it extended almost 2 cm from 35 cm
after five stretches). This change in shape from spiral to lin-
ear is due to weak secondary connections, while the recovery
of the original structure is facilitated by transverse ligaments.
Residual deformation occurs only when the polymer stretches
beyond the elastic deformation limit, leading to the rupture of
transverse ligaments [15,16].

To enhance the protection level for FFR users when
repeated removal is necessary, we propose reducing the size
of the elastomeric straps by adding plastic inserts to the head
harness construction (see Figure 5). These plastic inserts are
positioned at the back of the user’s head and neck, where the
elastomeric straps are attached on both sides. This modifica-
tion would increase the tension force of the head harness, on
the one hand, and reduce the volume of strap stretching on
the other.

To verify this hypothesis, an experimentwas conducted fol-
lowing the previously described procedure to calculate the
change in protection factor of the FFR due to several don-
ning and doffing cycles. Three variants were considered, each
differing in the length of the elastomeric straps fixed on the
respective grips of the 100-mm plastic insert. The results are
presented in Table 6.
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Table 3. Residual tensile strength of elastomeric head straps after multiple procedures of donning and doffing the FFR.

Residual tension force of elastomeric straps, Fn
(N), after subsequent donning and doffing

Elastomeric
strap
number

Initial tension
force, F0n (N)

Maximum fixed
tensile strength,

Fmax (N) 1 time 3 times 5 times 8 times 10 times

1 4.5± 0.14 9.5 4.2± 0.5 3.6± 0.4 2.5± 0.2 2.1± 0.2 1.9± 0.5

2 4.9± 0.18 8.5 4.9± 0.1 4.3± 0.6 3.8± 0.6 3.5± 0.3 3.2± 0.5

3 5.3± 0.19 6.6 5.3± 0.1 5.2± 0.5 5.1± 0.3 5.0± 0.5 5.0± 0.1

4 4.7± 0.15 7.2 4.7± 0.2 4.4± 0.5 3.9± 0.4 3.6± 0.5 3.5± 0.1

5 5.2± 0.10 6.8 5.2± 0.1 5.1± 0.4 4.8± 0.5 4.6± 0.1 4.5± 0.5

Note: Data presented as mean± standard deviation. FFR = filtering facepiece respirator. 1 = round thin; 2 = round large; 3 = wide rectangular; 4 = narrow
rectangular; 5 = ordinary.

Table 4. Pressure drops on the FFR due to multiple donning and doffing cycles.

Pressure drop on the FFR due to multiple
donning and doffing cycles,�pr (Pa)

Elastomeric
strap number

Initial pressure
drop on the
FFR,�pf (Pa) 1 time 3 times 5 times 8 times 10 times

1 75.2 73.2± 1.1 70.3± 1.3 68.5± 1.1 64.3± 1.5 60.2± 1.5

2 75.3 74.3± 1.1 72.4± 1.2 70.8± 1.2 68.2± 1.3 65.4± 1.4

3 75.4 74.6± 0.9 73.5± 1.2 72.5± 1.3 71.5± 1.1 70.2± 1.2

4 75.4 74.3± 1.05 72.6± 1.1 70.5± 1.3 68.2± 1.2 66.5± 1.1

5 75.2 74.4± 1.2 73.9± 0.9 72.3± 1.2 70.2± 1.3 68.4± 1.3

Note: Data presented as mean± standard deviation. FFR = filtering facepiece respirator. 1 = round thin; 2 = round large; 3 = wide rectangular; 4 = narrow
rectangular; 5 = ordinary.

Table 5. Changes in protection factor due to multiple donning and doffing cycles for different elastomeric tapes.

Protection factor after multiple donningand doffing cycles (%)

Elastomeric
strap
number

Initial
protection
factor of the
FFR (%) 1 time 3 times 5 times 8 times 10 times

1 98.6± 0.42 97.9± 0.21 95.6± 0.53 94.3± 0.28 92.3± 0.28 90.5± 0.91

2 98.8± 0.21 98.4± 0.17 95.9± 0.35 95.7± 0.42 94.8± 0.23 93.6± 0.40

3 98.9± 0.17 98.5± 0.25 96,3± 0.21 95.9± 0.29 95.5± 0.32 95,0± 0.53

4 98.7± 0.24 98.4± 0.14 96.0± 0.37 95.1± 0.21 94.2± 0.28 93.5± 0.54

5 98.9± 0.31 98.4± 0.32 96.5± 0.15 95.8± 0.21 95.0± 0.17 94.3± 0.29

Note: Data presented as mean± standard deviation. FFR = filtering facepiece respirator. 1 = round thin; 2 = round large; 3 = wide rectangular; 4 = narrow
rectangular; 5 = ordinary.

Figure 5. General view of laboratory tests of a respirator with a modernized headband: (a) general view; (b) side view; (c) back view. Note: 1 = respirator model
Standard 213 FFP2 NR (LLC SPE Standart, Ukraine); 2 = elastomeric head straps; 3 = dynamometer DU-100 (PromTechniMashPrylad, Ukraine); 4 = plastic insert.
The full colour version of this figure is available online.
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Table 6. Changes in protection factor due to multiple donning and doffing cycles.

FFR’s protection factor after multiple
donning and doffing procedures (%)

Strap
length
(mm)

Initial
protection
factor (%)

Initial fixed tensile
force/maximal fixed
tensile force (N)

Length of
plastic

insert (mm)

Relative elongation
of straps at the test

end (%) 3 times 5 times 8 times 10 times

100 98.4 5.7/11.8 100 22.1 98.5 98.3 98.1 98.0

120 98.5 5.4/10.2 100 26.3 98.6 98.4 97.9 97.7

140 98.4 5.1/10.1 100 30.6 98.5 98.2 97.5 97.4

Note: FFR = filtering facepiece respirator.

Note that the length of the elastomeric straps was deter-
mined by the value of the pressing forces, which should ideally
be within a comfortable range (4–6 N). We observed less elon-
gation of the straps and aminor increase in the FFR protection
factor duringmultiple donning and doffing procedures. These
results suggest the potential applicability of such a structural
solution to enhance user safety.

Since the results of our experimental measurements show
an escalating decrease in the forces produced by elastomeric
straps under continuous stretching, we can infer that some
cross-links in the elastomeric material layer are rapturing.
Consequently, the FFR facepiece must be equipped with
adjustable straps to provide the necessary tension ensuring
a leak-tight fit to the user’s face. In many available mod-
els, such an element is absent, leading to a decrease in the
facepiece’s pressure forces against the face and increasing
suction on the obturation strip, which significantly compro-
mises its protective properties [21]. Additionally, it is crucial
to monitor the stretch level of the elastomeric strap so that
it can be tightened to the appropriate degree in a timely
manner.

Studying the relative elongation of the FFR’s elastomeric
straps is crucial for determining the effort required to ensure
a proper fit of the FFR facepiece to the user’s face. Note that
excessive tension results in stretching (structural deformation)
of the filtering material, potentially increasing the entry of
contaminants into the FFR’s breathing zone [22]. In some FFR
models, elastomeric straps can be attached directly to the half
mask’s surface. These straps also affect the comfort of wearing
protective equipment – theymay pull hair, irritate the skin and
exert excessive pressure on the face [23].

To improve the comfort of FFRs without compromising
their effectiveness and safety, there are several alternatives to
traditional rubber straps. Elastic fabric strapsmade frommate-
rials like nylon and spandex offer a balance of a secure fit and
comfort, providing a softer and more flexible option. Silicone
straps are hypoallergenic, durable and comfortable against the
skin, making them another viable alternative. Velcro straps are
also a convenient option, allowing for easy adjustments to
ensure a perfect fit and enhancing user comfort and safety. For
those with sensitive skin, breathable materials such as cotton
or poly-cottonblends canminimize skin irritation and enhance
comfort. It is important to note that the choice of strapmaterial
significantly influences user comfort and overall compliance
with FFR use. Therefore, designers and manufacturers should
consider these alternatives, but they must undergo rigorous
testing to ensure theymeet necessary safety standards and do
not compromise the FFR’s protective properties.

Furthermore, there are also other changes in FFR construc-
tion that could be explored. One of these could be the incor-
poration of viscoelastic seals in the design of FFRs, which

can potentially improve leak-tightness without unnecessary
increases in pressure needed for proper facepiece fit [8,9].

A limitation of this study is that it was conducted without
additional laboratory tests recommended by Standard No. EN
149:2001+A1:2009 [3]. Additionally, the study examined only
onemodel of FFRs. This restricts the extrapolationof the results
to other models of RPE, especially given the current prolifera-
tion of diverse and unique models [24]. These various models
may have different methods of attaching elastomeric head
straps to the half mask.

4. Conclusions

We have developed a method to determine the impact of
elastic forces fromelastomeric head straps of FFRs on their pro-
tective properties. This allowed us to establish a relationship
between the relative elongation of elastomeric straps and the
protection factor of FFRs. The developed method differs from
existing ones as it determines the reduction in the FFR protec-
tion factor by the difference in pressure drops on the FFR and
its filter, which results from a decrease in the tension of the
head straps.

We discovered that after eight cycles of donning and doff-
ing the FFR, the protection factor significantly deteriorates,
and the mask can no longer guarantee the manufacturer’s
stated level of protectionwithout additional adjustment to the
length of the FFR’s elastomeric head strap. Furthermore, we
found that the maximum tensile force of the elastomeric head
straps leads to residual elongation, which virtually remains
unchanged after eight donning and doffing cycles. The deteri-
oration of the protection factor occurs due to the stretching of
the FFR’s elastomeric head strap (from 10 to 210%), underscor-
ing the necessity for laboratory testing of its protective prop-
erties following repeated donning and doffing. The results of
our study also suggest that it would be advantageous to equip
FFR designs with elastomeric head straps and additional struc-
tural elements that either control the pressure force or allow
for their tightening to increase tension. The inclusion of addi-
tional sealing on the facepiece’s rim could also be beneficial
to ensure that tight-fitting respirators do not compromise user
comfort.
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