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In the dissertation, which reggents a completed research wodq
important scientific and practical problem in the field of occupational safety is
addressed, namely ensuring that workers are provided with eefiggnt and
ergonomic personal respiratory protective equipment faratieus industrial
conditions, capable of adapting to specific operational tasks.

The solution to this problem was achieved by identifying the relationships
bet ween the userods physical and cogn
duration of the practive action of the filtering system, which is determined by the
dynamics of carbon dioxide accumulation in the internal volume of the protective
hood and by the distribution of aerodynamic characteristics of the airflow in the
undermask space.

Additionaly, the interrelationship between the pressure drop across
respirator filters, the geometric parameters of filter cartridges, and the residual
protective action time was taken int
energy expenditure and thetifdtion efficiency of the filters.

In the first chapter, an indepth analysis of the current state of
development, manufacturing, and operation of filtering respiratory protective
devices (RPDs), particularly respirators with filters, is presented. Tdlaten of
design approaches for filtering respirators used in environments with high
concentrations of dust, gases, and aerosols of various origins is examined.

Existing design concepts for filtering RPDs are summarized, including the
principles of formig aerodynamic channels, selecting filtering materials, and
implementing structural solutions that ensure minimal breathing resistance while
maintaining maximum air purification efficiency. A comparative analysis of
classical and modern approaches to modegirflow insidefilters is provided.

The requirements for combined RPDs, as regulated by current national anc
international standards, are considered in detail. Indicators determining the
efficiency and safety of RPD useich as the penetration coeffitieof harmful
substances, breathing resistance, facepiece tightness, and ergonomic characterist

are analyzed.
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Methods of isolating the respiratory organs from the environment are
reviewed, particularly through the usefiffering half masks and fulface masks.

The influence of geometric parameters, structural features, and materials of sealin
elements on the overall protection factor of the user is examined.

An analysis of the characteristics and structural features of exgsiivgred
filtering resprator (PFR produced by leading global manufacturers 3M Versaflo
TR-600, Honeywell North Primair PA7000, and Scott Safety Duraflow SRS was
carried out. The results formed the basis for defining the technical requirements fol
the development of an improvédR.

An analysis of filtering materials used in the manufacture of modern RPDs
is carried out. Fibrous, carbdrased, composite, and nanostructured materials are
characterized, with attention to their properties, sorption characteristics, and
resistance taggressive environments. It is shown that the rational selection of
materials directly affects the service life and efficiency of the filtering device.

Methods for determining the protectitiene of filtering RPDs are analyzed.
Existing experimental andomputational approaches that allow forecasting the
saturation point of the filtering layer with harmful substances are reviewed. The
drawbacks of traditional methods, which fail to account for the uneven distribution
of airflow within the filter, are ideified.

As a result of the conducted analysis, it is established that one of the key
factors limiting the efficiency of filtering devices is the incomplete utilization of
the active volume of the filtering material due to the formation e ol | ed A
spa c .eThis leads to increased breathing resistance, reduced filter life, and highel
energy expenditure for the user.

Based on the obtained results, the necessity of improving the design of filter
cartridgesis substantiated, taking into account the aeradyin characteristics of
the airflow, the geometry of the housing, and the uniformity of air velocity
distribution. The goals and objectives of further research are formulated, aimed a
enhancing the efficiency of filtering material utilization, optimizihg structural

parameters of RPDs, and extending their protective service life.
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In the second chapter, the results of comprehensive studies aimed at
improving the design of the facepiece of a filtering respirator are presented. The
purpose of these improweents is to enhance ergonomic properties, user comfort,
communication quality, and cognitive efficiency of workers during prolonged use
of RPDs.

The influence of wearing a protect
was assessed. Based on experimeesding, changes in reaction speed, attention,
task accuracy, and decisiomaking time while working in different types of
filtering respirators were determined. It was found that sieomh use of a
respirator not only does not reduce cognitive performéutealso helps optimize
the psychophysiological state by stabilizing breathing rhythm and increasing
concentration. However, prolonged continuous wear may cause moderate fatigu
due to changes in the microclimate underfduepiece

An improved design athe facepiece of a universal respirator was developed
and experimentally tested. The new design incorporates a flexible multilayer
material with enhanced elasticity, reducing local pressure on facial skin areas. Thi
attachment and sealing system was egfito allow adaptation of the respirator to
the individual anatomical features of users. A hehdped facepiece design was
proposed, covering the head and neck to create a continuous protective she
without the localized pressure points typical of tiadial respirators. This solution
provides improved comfort and reduces the risk of skin irritation during extended
wear.

The air hose parameters were calculated and justified. The optimal diameter
length, and flexibility were determined to ensure stalellevery of clean air with
minimal pressure loss. A hydrodynamic analysis was performed, taking into
account flow turbulence and the potential for condensate accumulation.

The impact of the protective hood on communication comfort was also
evaluated. Speechntelligibility tests were conducted under real operating
conditions, including during mobile device use. The speech clarity assessmen

method considered respirator type, material thickness and densityndekf
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shape, and distance from the sound soutceias found that the shape of the
respirator significantly affects speech transmission quality: excessive material
rigidity or a small internal cavity limits facial muscle movement and alters the
acoustic properties of the voice. The improved hood dedigws for more natural
speech and facilitates communication among users.

The effect of the protective hood on user performance was studied
experimentally. Cardiopulmonary parameters, fatigue levels, and visual and
auditory sensitivity were measured undenditions of increased physical activity.

It was established that the optimized facepiece shape reduces thermal loac
improves internal ventilation, and helps maintain stable performance over extende
periods. A comparative analysis showed that usershamfdtype respirators
demonstrated Q5% better results in comfort and fatigue resistance compared to
those using standard models.

The summary of this chapter indicates that improving the respirator
facepiece through the use of a hdgpe design ensurea comprehensive
enhancement of ergonomic, cognitive, and functional characteristics of RPDs. This
design reduces psychological strain, improves communication capabilities, anc
provides more effective user protection during prolonged operation. The obtainec
results can be applied in the design of rgemeration respirators, focused on
comfort, safety, and improved work efficiency.

In the third chapter, the results of the development opaweredfiltering
respirator PFR) with a hood are presented. The dgesaims to enhance user
protection, improve breathing conditions, and reduce physiological strain when
working in environments with high concentrations of dust, toxic gases, or
biological agents.

A general concept for the neMFR designwith hoodwas formudated. The
proposed system integrates a filter module, fan, control unit with sbased
airflow monitoring, and a hooetype facepiece combined with a helmet. This

design provides comprehensive protection of the head, face, neck, and respirator
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organs,enhances user comfort, simplifies donning and doffing, and eliminates
movement restrictions.

An FMEA risk analysis of the experimental design was conducted to
identify potential system failures (fan, filtration unit, power supply elements, air
delivery sysem) and determine ways to minimize them. A risk priority and
mitigation table was developed, ensuring a high level of reliability and safety
during operation.

The direct design of theFR with hoodwas carried out, consisting of three
main components: tHeood, the motor unit, and the air supply hose.

The hood was designed using a composite multilayer material that combines
mechanical strength, aightness, and flexibility. A transparent agtare viewing
panel and ventilation channels were incorporated prevent fogging. The
ergonomic hood shape ensures both a tight seal and comfort during prolonge
weatr.

A compact motor unit was designed, featuring a fan driven by an energy
efficient DC electric motor, a higbapacity lithiumion battery, and an autatic
control system that adjusts fan speed according to filter resistance. A charge leve
indicator and seltliagnostic module were included.

The experimental prototype of theFR with hood was evaluated for
compliance with regulatory requirements in teraisfiltration efficiency, noise
level, ergonomics, and aightness. Test results confirmed that the prototype fully
meets the standard and can be certified for industrial use under chemical
biological, radiological, antechnogenihazard conditions.

The results of experimental studies of the influence of the user's respiratory
activity on the processes of mass exchange and purification of the gas mixture i
the internal volume of thé’FR with a hood are presented. To simulate real
operating conditionsa breathing machine was used, configured for different lung
ventilation modes corresponding to different levels of physical exertion. The
studies were conducted both in the absence of air supply and during operation c

the poweredunit. The results obtagtd confirm the need to take into account the
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intensity of breathing when modeling mass exchange in the hood and can be use
to improve methods for assessing the effectiveness of respiratory systems durin
real operational loads

A mathematical model of theFR with hoodwas developed to describe the
relationship between fan operating parameters, filter resistance, hose syster
geometry, and the rate of clean air delivery to the breathing zone. The mode
allowed determination of optimal airflow modes depegdinon t he user
physical activity, ensuring stable pressure and comfortable breathing. The
theoretical results were consistent with experimental data.

In the fourth chapter, the results of theoretical and experimental studies
aimed at improving th design and determining the optimal parameters of
combined filters for universal respirators are presented. These filters combine higt
air purification efficiency, long protectivéme, and ease of use under various
industrial conditions.

An analysis of lhe influence of working conditions on the use of combined
filters was conducted. The relations
volume of inhaled air, and the rate of saturation of filtering layers with harmful
substances was established. Iswlatermined that as energy expenditure increases,
the protectivdime of filters decreases by up to 40%, due to the accelerated rate of
substance adsorption.

The influence of geometric parameters of the fitartridgesin combined
RPDs on protective pmrmance was investigated. Through modeling and
experimental testing, optimal ratios between housing dimensions, sorbent volume
and filter layer thickness were determined to ensure uniform airflow distribution
and minimal pressure drop. In particular, ttelvantages of cylindrical
constructions with a modified inlet flow were demonstrated, as they allow for more
efficient utilization of the active volume of the sorbent compared to flat filters.

Patterns for the rational design of combined filters weretiiiksh Based on
the generalization of theoretical and experimental results, principles for combining

physical and chemical filtration were formulated. The influence of the ratio
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between mechanical cleaning layers and the sorption layer on overall efficien
and protective duration was determined. Recommendations were developed t
increase the degree of air purification while maintaining the ergonomic qualities of
the respirator.

Approaches to alerting users about the end of the service life of combined
filters were improved. An innovative design solution was proposed the integration
of an aromatic indicator placed in a sodthioride capsule, which changes the
organoleptic properties of inhaled air when the sorption capacity of the filter is
exhausted. Tis approach enables timely user notification about the need for filter
replacement without the use of complex electronic systems.

A software system for predicting the protecttirae of combined filters was
developed. The software suite was designed censgluser breathing parameters,
working mode, geometry of filtering elements, and airflow distribution. The
forecasting algorithm is based on modeling filtration processes and the
accumulation of harmful substances within the porous structure of theiahater
The developed system enables +t@ak estimation of the remaining filter service
life and optimization of its design for specific operating conditions.

As a result of the conducted research, patterns of interdependence betwee
working loads, filter dsign parameters, and their effective service life were
established. The scientific foundations for creating -gexteration combined
filters were substantiatedilters that integrate high filtration efficiency, low
breathing resistance, and intelligentdication systems. The developed structural
and softwareanalytical solutions provide a basis for further automation of filter
condition monitoring and for enhancing the reliabilityR#?D.

In the fifth chapter, the results of theoretical and experimentatligs, as
well as computer simulations, aimed at developing a rational design of a universa
filtering respirator that provides increased air purification efficiency with reduced
breathing resistance and stable operational characteristics, are presented.

The influence of the filtercartridge design on the filtration process is

examined. The methodology for studying changes in pressure drop across variou
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filter cartridge configurations is described in detail, allowing for a quantitative
assessment of desigefficiency based on aerodynamic parameters. A series of
experiments revealed that the shape of taetridge itsd volume, and the
arrangement of inlet and outlet openings significantly affect breathing resistance
In particular, models with smooth conts and circular openings demonstrated the
lowest pressure drop, indicating a more uniform distribution of airflow.

The results of computer simulations conducted in the SolidWorks
environment are presented, where the movement of air itsidedgeswith
different outlet positions was analyzed. The simulations confirmed the presence o
uneven f | ow spaesm)e s i #piindaledesigns, which reduce the
utilization of the active filter layer. These findings served as the basis for selecting
the optinal geometry of the filter housing.

The main configuration parameters of filters that influence their protective
properties were identified. A theoretical analysis of the relationships between the
thickness, surface area, packing density of pleated lageis,air purification
efficiency was performed. Based on analytical and empirical data, an algorithm for
calculating the configuration coefficient was formulated, allowing determination of
optimal filter parameters to ensure minimal airflow resistance.

Thesimulation results of changes in filter protective properties depending on
their configuration, carried out in SolidWorks, showed that increasing the pleat
angle and ensuring a uniform distribution of airflow channels lead to improved
filtration efficiencywithout a significant increase in resistance. Laboratory studies
confirmed the theoretical results and enabled a quantitative assessment of ho
structur al parameters affect the restg

The influence of the inlet design oftéf cartridgeson airflow through the
filter body was also investigated. It was found that the use of inlets with rounded
edges and smooth transitions significantly reduces flow turbulence and pressur
losses, directly enhancing breathing comfort for theru

A separate section addresses the development of a filter protection time

monitoring system. An intelligent design was proposed, incorporating a sensor uni
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and a lever mechanism to track the degree of saturation of the filtering material
with harmfulsubstances. The developed system allowstiaal assessment of the
filteros remaining service |ife, t i m
ensures consistently high protective efficiency.

The summary of the second chapter established a carela¢tween the
geometric characteristics of the filteartridge the filter configuration, and the
protective time. The obtained analytical relationships and simulation results
formed the foundation for developing a universal filtering respirator with
optimized parameters, providing enhanced protection efficiency, ergonomics, and
ease of use.

Scientific propositions defended in the dissertation:

1. For powered filtering respirators with a hood, increasing the air flow rate
from 60 to 200 drfimin. causes aeduction in internal pressure fluctuations
(tmax/ tmin) depending on the size of
size M and from 1.11 to 1.108 for size L, while increasing the amplitude of speed
fluctuations (Vmax/Vmin) by 1.2 times. At thearse time, the cleaning time is
reduced by 3.3 times regardless of the type of hood, which allows predicting the
intensity of the load and energy consumption of the user.

2. The effective time of volumetric air renewal in the hood of a powered
filtering resirator is described by a theoretically justified inversely proportional
dependence on the air flow rate, taking into account the experimentally obtainec
correction factor, which allows us to take into account not only the geometric
parameters of the facege, but also the dynamics of mass exchange caused by
lung ventilation, with the correction factor exceeding 1 at a volumetric air flow rate
of up to 30 dmj/ min, while with an i
range of 366 0 d mj / mue becomestless tharall.

3. It has been experimentally proven that the aerodynamic resistance on al
antiaerosol filter is a function not only of the geometric parameters of the filter
itself and the properties of the filtering medium, but also of the expatally

determined configuration coefficient of the pleated filter, which is in the range
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from 0.2 to 0.7, and determines the nature of the flow and, thereby, allows us tc
predict the ergonomic characteristics of the pleated filter still at the deaggn st

The scientific noveltyof the obtained results is &dlows:

1. A newdesign concept of poweredfiltering respiratorhas been improved
to include automatic airflow regulation, a senbased monitoring system, and the
integration of the hood with aelmet, ensuring a high level of protection and
reliability.

2. A new mathematical model of the operation ofpawered filtering
respiratorhas been developed. The model describes the changes in pressure ar
airflow in the 'filteri fani air hosé hood" systen, enabling the assessment of the
stability and efficiency ofpoweredfiltering respiratoroperation under different
ventilation modes based on the syster

3. A nonlinear relationship has been established between user energ)
expenditure the concentration of harmful substances, and filter performance,
which determines the reduction of protective time under increased physical load.

4. Refined analytical dependenciebetween user energy expenditure and
protective time have been further eé&ped and can be applied in establishing
operational standards for respirators under various industrial conditions.

5. The regularity of the variation in the configuration coefficient of filtering
materials depending on fiber packing density and the oétibe distance between
pleats (W) to their height has been determined. This makes it possible to justify
the increase in the initial pressure drop of a pleated filter compared to a flat one
and to establish the optimal geometric parameters of filtendges.

6. A refined model ofairflow distribution model over the surface of a
pleated filter has been refined. It now accounts not only for the geometric shape o
the filters and the incoming airflow rate but also for the arrangement of inlet and
outlet openings in the filter cartridges, allowing for maximal utilization of the
filtering material surface.

The practical significanceof the obtained result$es in the creation of a

foundation for developing new filtering personal respiratory protectivegpetgnt,
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which includesan algorithm for calculating the configuration coefficient that can
be used in the design of new filter types to ensure optimal air permeability
parametersa software package for predicting the protectivie of filters that
takes nto account airflow distribution, breathing patterns, and user energy
expenditure, providing an error margin of no more than 10% compared to real
data;a system for monitoring pressure drop and residual filter capacity, which
enables timely detection ofédhmoment for filter replacement and enhances user
safety; a methodology for evaluating speech intelligibility while wearing
respirators, which can be applied during certification testing of new personal
protective equipment models.

A powered filtering resprator has been developed, which differs from
existing designs by ineporating a hood with belmetagainst impagta motor unit
made of modern materials (ABS+), a brushless electric motor, and a sensor systel
based on an Arduino microcontroller. In aduht the optimal air duct diameter (32
mm) has been determined, ensuring efficient air delivery in accordance with
working conditions and the nature of the performed task.

The effective protective time of gasfilters depends not only on the
concentration @d type (nature) of the hazardous substance, the environmental
climatic parameters, the aerodynamics of the filter housing, the type and volume o
sorbent, and the wuserodés physical W 0
accumulation and renewal of thé& @nvironment in the unddrood breathing
space. These factors become decisive when the hazardous substance concentrat
exceeds 300 ppm, while at concentrations below 300 ppm the determining factor i
the concentration of the hazardous substance itself.

Key words: respirator,combined filter filter cartridge hood, protection

factor, aerodynamic characteristiosodeling, riskjpowered filtering device
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