ISSN 2522-9842

Social Development and Security, Vol. 16, No. 1, — 2026

Development of a Filtering Respirator with a Real-
Time Monitoring Device for Pressure Drop

Po3po6Ka ¢pinbTrpyBanbHOro pecniparopa 3
NPUCTPOEM ONEPaTUBHOrO KOHTPO/IIO Nepenaay TUCKY

Yurii Cheberiachko
Corresponding author: Dr of Technical Sciences, Professor, Department
of Labor Protection and Civil Security, e-mail:
cheberiachko.yu.i@nmu.one, ORCID ID: https://orcid.org/0000-0001-

lOpit Yebepauko
Corresponding author: goKTOp TexHiYHMX Hayk, npodecop, Kadeapa
OXOPOHM npaui Ta UMBiNbHOT 6esneku, e-mail:
cheberiachko.yu.i@nmu.one, ORCID ID: https://orcid.org/0000-0001-

7307-1553
Dmytro Radchuk

Candidate of Technical Sciences, Associate Professor, Department of
Labor Protection and Civil Security, e-mail: xayal1333@gmail.com
ORCID ID: https://orcid.org/0000-0001-8034-541X

Serhii Cheberiachko
Dr of Technical Sciences, Professor, Department of Occupational Safety
and  Civil  Security, e-mail: xayal1333@gmail.com, ORCID ID:
https://orcid.org/0000-0003-3281-7157

Dmytro Slavinskyi
Candidate of Technical Sciences, Associate Professor, Department of
Cyber-Physical and  Information-Measuring ~ Systems,  e-mail:
xayal1333@gmail.com, ORCID ID: https://orcid.org/0000-0002-7540-2077
Bohdan Kravchenko

Assistant, Department of Labor Protection and Civil Security, e-mail:
xayal1333@gmail.com, ORCID ID: https://orcid.org/0000-0001-8398-0793

7307-1553
Omutpo Papguyk

KaHAMAAT TEXHIYHMX HayK, AOUEeHT, Kadeapa OXOPOHM npaui Ta
umBinbHoi  6e3nekn, e-mail:  xayall333@gmail.com,  ORCID ID:
https://orcid.org/0000-0001-8034-541X

Cepriii Yebepauko
[OKTOP TeXHiYHMX Hayk, npodecop, Kadeapa OXOpOHW npaui Ta
umBinbHoi  6e3nekn, e-mail:  xayall333@gmail.com,  ORCID ID:

https://orcid.org/0000-0003-3281-7157

Omntpo CnaBiHCbKMiA
KaHAMAAT TeXHIYHWX HayK, [OUeHT, Kadeapa KibepdisuuHux Ta
iHbopMmaLiiMHO-BMMiptOBanbHUX cucTem, e-mail: xayall333@gmail.com,
ORCID ID: https://orcid.org/0000-0002-7540-2077
borpaH KpaBueHKo
AcucTeHT, Kadeapa OXOpOHM Npaui Ta uMBiINbHOI 6e3neku, e-mail:
xayal1333@gmail.com, ORCID ID: https://orcid.org/0000-0001-8398-0793

Dnipro University of Technology, Dnipro, Ukraine

HauioHanbHWUA TexHiuHMI yHiBepcuTeT “[HINPOBCbKA MNoAniTexHika”,
M. JHinpo, YkpaiHa

Received: January 22, 2026 | Revised: February 19, 2026 | Accepted: February 28, 2026

UDC 614.894:331.45
DOI: https://doi.org/10.33445/sds.2026.16.1.16

Purpose. Development of a filtering respirator with a device for operational
pressure drop control.

Method: The development of the filtering respirator with a real-time
pressure drop monitoring device involved the use of the
following equipment: the ESP32-C6-LCD-1.47 microcontroller
with a video display, and the MPXV7002DP FRS pressure
sensor, which enable monitoring of the pressure drop caused
by dust accumulation, based on determining the critical filter
resistance value.

Findings. A real-time monitoring device for pressure drop in the
respirator filter cartridge has been developed. It provides
contributes to improved worker safety in hazardous
conditions and extends the possibilities of personalizing
respiratory protective equipment according to specific
operational requirements and users’ physiological
characteristics. The developed algorithm of the device
enhanced the protective properties of the filtering respirator
by timely informing the user about the pressure drop status
of the filter, which is associated with half-mask tightness and
battery charge level. A mathematical model has been
proposed, correlating filter parameters, breathing mode, and
the characteristics of the pressure drop sensor, which allows
for determining changes in the pressure drop across the filter
element depending on dust accumulation on the filter
surface. This makes it possible to control filter service life by
comparing it with the critical pressure drop value.

Paper type. Experimental studies of filtering respirator’ performance
indicators.

Merta pocnigykeHHa. Po3pobka o¢inbTpyBasbHOro pecnipatopa 3
NPUCTPOEM OMEpPaTUBHOIO KOHTPO/IIO Nepenagy TUCKY.

Mertog pocnipykeHHsa. Po3pobka ¢inbTpyBasbHOro pecnipatopa 3
NPUCTPOEM ONEPATUBHOTO KOHTPONID nepenagy TUCKY
nepesfbavya€  BUMKOPUCTAHHA  HACTYNHOTrOo  0bNafHaHHA:
MikpokoHTponep ESP32-C6-LCD-1.47 3 Bigeo gucnneem Ta
OaTuMK  ana  KoHTposto Tucky MPXV7002DP  FRS, saki
[03BONIAOTL 3abe3neunT KOHTPONb Nepenagy TUCKY npu

HaKOMWYEHHI NWNOBOrO OCaZy Ha OCHOBi BW3HAYEHHSA
KPUTUYHOT BENMYMHY onopy inbTpis.
PesynbTat pocnigkeHHA.  PospobneHo  npucTpii  onepaTMBHOro

KOHTPO/O nepenajy TUCKY Ha ¢inbTpyBanbHiii Kopobui
pecnipatopa, AKWI CTBOPIOE NepesyMoBU ANA MNiABULLEHHA
piBHA 6e3neku NpaLiBHWKIB Y WKIiAAMBUX YMOBaxX npaui Ta
pOo3LWMpIOE MOXXMBOCTI nepcoHanisau,ii 3acobis
iHAMBIAYyanbHOro 3axucTy BiANOBIAHO A0 cneumdbiyHmx
onepaujiiHux BuMMoOr Ta @¢isionoriyHmx ocobaumsocTei
KopucTyBauiB. Po3pobneHunii anroputm pobotu mpucTpoto
onepaTMBHOIO KOHTPOAIO Nepenazy TUCKY Ha GinbTpyBanbHii
Kopobui pecnipatopa nNigBuLLye 3axWCHi  BNACTMBOCTI
binbTpyBanbHOrO  pecnipaTopy  3aBAAKM  CBOEYACHOMY
iHbopMyBaHHIO KOpUCTyBaua NPO CTaH mnepenagy TUCKY
dinbTpY, WO B3aEMOMNOB'A3aHO 3 FePMETUYHICTIO NiIBMAcKu Ta
piBHem 3apsgy 6artapei. 3anponoHOBaHO MaTeMaTU4HY
MOZenb, AKa B3AaEMOMOB'A3YE MapameTpu inbTpa, pexum
OVXaHHA | XapaKTepUCTUKM AaTiMKa nepenagy TUCKY, WO
[03BONIAE  BM3HAYaTM  3MiHYy nepenagy TUCKY Ha
binbTpyto4OMY enemeHTi y 3aneXHOCTi Bif, HaKOMWYeHHs
NWAOBOro Ocafly Ha NoBepxHi GpiNbTpa 33419 KOHTPOAIO Yacy
eKkcnayaTauii GiNbTPiB WAAXOM MOPIBHAHHA 3 KPUTUYHOMO
BE/IMYMHOIO Nepenagy TUCKY.
cTaTTi. EkcnepumeHTanbHi
binbTpyBanbHUX pecnipaTtopis.

Tvn LOCNIAXKEHHA NOKa3HUKIB
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Introduction

The pressure drop across respirator filters is one of the key parameters that influences the
protective efficiency of the filter and determines the safe service life of the respirator
(Cheberyachko, 2013). When the critical pressure drop threshold is reached, the protective
efficiency of the respirator may deteriorate due to significant suction of unfiltered air through gaps
between the user’s face and the half-mask respirator (Roberge, 2011). On the other hand, a dust-
loaded filter causes breathing difficulties. Currently, each user independently decides when to
replace the filter, based on the onset of discomfort caused by increased breathing resistance (Srijit,
2020). This subjective factor complicates the calculation of the required number of filters when
respirators are used under dusty air conditions. Therefore, to standardize filter replacement
intervals, it is essential to address the urgent task of ensuring real-time monitoring of pressure drop
across filters.

Literature review

In (Shin, 2022), the authors proposed a system for measuring the user’s breathing rate using an air
pressure sensor in the respirator. They noted that such sensors are inexpensive and energy-efficient,
resulting in only a minor increase in respirator cost. At the same time, the economic effect of
reducing inefficient filter usage makes this improvement attractive.

In (Pei, 2023), the authors developed an intelligent filter performance monitoring system
capable of measuring filtration efficiency, pressure drop, temperature, and relative humidity in real
time. This not only makes it possible to determine the protective service life of filters but also enables
monitoring of workers’ dust exposure levels, thereby helping to prevent occupational diseases.

Based on their research (2023), the authors developed a “smart” N-95 respirator that combines
a humidity sensor and a pressure sensor to adaptively adjust half-mask fit to the face in order to maintain
protective efficiency. In the event of mask slippage or air leakage through gaps, a signal is generated to
indicate deterioration of protective properties, requiring corrective user action.

In (Agueveque, 2022), an embedded electronic device is described that collects
multidimensional data from an integrated pressure, temperature, and relative humidity sensor
inside a reusable industrial respirator. The device calculates breathing rate and evaluates both
respirator fit to the face and pressure drop during dust accumulation.

The authors of (Roberge, 2013) emphasize the importance of solving the task of pressure
drop monitoring. They provide arguments demonstrating the feasibility of implementing intelligent
pressure drop monitoring systems in respirator use.

The study (Cao, 2015) highlights the role of differential pressure sensors in testing protective
masks to evaluate filter resistance and efficiency under production conditions, which differ from
laboratory ones and do not allow for reliable determination of protective service periods.

The analysis of scientific studies confirms the relevance of ensuring pressure drop
monitoring, which enables the solution of several tasks—from controlling filter dust loading and
calculating the required number of filters per work shift to determining the service life of the filter.

Aim of the work — development of a filtering respirator with a real-time pressure drop
monitoring device.

Materials and Methods

The development of the filtering respirator with a real-time pressure drop monitoring device involved
the use of the following equipment: a microcontroller with video display and a pressure sensor.
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The microcontroller is based on the modular printed circuit board ESP32-C6-LCD-1.47
(Fig. 1) based on ESP32, which is based on the Tensilica Xtensa microprocessor. In addition, the
ESP32-C and -S series boards use a 32-bit Risc-V processor model (single- and dual-core variants)
instead of Xtensa. The RISC-V architecture is open-source and facilitates flexible system integration.
In addition, these boards allow combined Wi-Fi and Bluetooth connectivity (supports Wi-Fi 6 in the
2,4 GHz band, Bluetooth 5, Zigbee 3.0 and Thread 1.3); support all standard IEEE 802.11 security
features, including WFA, WPA/WPA2 and WAPI, and have open-source software and open SDK
(Software Development Kit — a set of tools, libraries, documentation and code samples). The ESP32-
C6-LCD-1.47 development board has an integrated matrix TFT LCD module LBS147TC-IF15
measuring 17,4x32,4 mm, with a resolution of 172x320 pixels and 262 thousand colors.

L1

.

V100 T90-28dS3

Figure 1: ESP32-C6-LCD-1.47 Development Board
1) ESP32-C6FH4 microchip; 2) ME6217C33M5G voltage regulator; 3) TF (SD) card slot;
4) Surface-mount ceramic antenna; 5) LOAD button; 6) RESET button

To determine the resistance of the filtering element(s) or the pressure drop on the respirator
filter housing, a differential pressure sensor MPXV7002DP FRS (+2 kPa) was used, which has an
analog output signal Uou: = 2,5 V (Fig. 2).

Figure 2: Appearance of the MPXV7002DP FRS Pressure Sensor

According to the technical documentation, the system components have the following
current consumption: ESP32-C6 chip at 25 mA (at 80 MHz); matrix TFT LCD module 15 mA;
differential pressure sensor up to 10 mA. Thus, the total current is 50 mA. Considering the 3,3 V
supply, the power consumption of the system will be 3,3 - 0,05 =0,165 W.

The required rechargeable battery capacity (Bazaluk, 2021) was calculated using the
formula:
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P-t

where C battery capacity (Ah);

P - power consumption (W);
t — time(h);
U

— battery voltage (V).

To ensure continuous operation of the device for 6 hours, the capacity of the accumulator
with a voltage of 3,7 V will be: 0,268 A - h. Considering the standard nominal range of rechargeable
batteries and taking into account the necessary capacity reserve of 20 %, we can accept for use an
accumulator with a voltage of 3,7 V and a capacity of 320 mA-h, Li-lon GEB10440 320mAh, 3,7V.

One of the key aspects that affects the efficiency of the filter operation is the gradual
increase in its resistance due to dust accumulation on the surface, so for calibrating the pressure
sensor, the formula that relates the increase in pressure drop due to dust accumulation
(Cheberiachko, 2023) was used:

2 1l F,
A =g, + LB (17 Sy, 2)

where Apo — isthe initial resistance of a clean filter, Pa;

k, — isthe proportionality coefficient depending on the filtration rate, m*/s?

pn — isthe bulk density of dust particles, kg/m3;

[0) — is the coefficient of non-uniformity of dust distribution on filter fibers;

Fs  — isthe total surface area of the filter fibers;

L — is the total length of fibers in the filter, m™;

[l — isthe mass of accumulated dust on the filter, mg.

The dust mass is calculated using the formula (Diekman, 2017):

_20Qt
Hf - Fo ’ (3)
where C - isthe total dust concentration, mg/m?3;
Q - isthe volumetric air flow through the filter, m3/s;
t — istherespirator operating time interval, s;

Fo — isthe total filter area, m2.

The total length of fibers and their total area were determined using the formulas
(Bergman, 2017):

_ BH
L=—, (4)
2bH
FB = a ’ (5)
where 8 — isthe fiber packing density;
H — isthe thickness of the filter layer, m; a is the average radius of fibers in the filter, m.

Based on formula (2), a block diagram is constructed for modeling real-time pressure drop
monitoring on the respirator (Fig. 3), taking into account the breathing process, operating time
monitoring, determination of dust concentration in the working area, and air flow through the filter.
The overall algorithm of the real-time pressure drop monitoring system on the respirator is shown
in Fig. 4.

After switching on the toggle switch that supplies power to the control and information
processing unit, the system initializes the processor core and peripheral devices. A file is created on

220 Civil Security



ISSN 2522-9842

Social Development and Security, Vol. 16, No. 1, — 2026

the memory card to store data on respirator operation. This process includes configuring the SPI
bus to enable interaction between the microcontroller and the memory card. Input/output ports
are identified to verify the system’s readiness for operation. This function ensures that all
components are prepared for subsequent operations, providing a foundation for uninterrupted
collection and storage of data on respirator performance throughout the work shift.

«Breathing»
signal

The initial filter Ping Per

resistance S
s .\,/’ ‘Q -
t L
Time >

Formation of

Random value of dust o . P
concentration in the c additional filter ‘ adf

workplace air

resistance due to

Determination of dust deposition
airflow rate passing
through the filter
element

t-time, s

C - dust concentration in air, mg/m?

Q - volumetric airflow through the filter, m3/s
Py - breathing pressure/vacuum, Pa

Pinf - initial filter resistance, Pa

Padr - additional filter resistance, Pa

Py - total filter resistance, Pa

Figure 3: Structural diagram of the mathematical model of the respirator
for determining the dependence of the pressure drop change on the filtering
element depending on dust accumulation

Start )

Controller Configuration of input/output
initialization ports. File creation for data
recording on the memory card
Reading
input
ports

Determination of
pressure drop in
the respirator
filter box

Monitoring of
battery charge
level

" Data logging
onto the j
memory card /

Figure 4: General algorithm of the pressure drop control system operation on the respirator
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Real-time pressure drop monitoring on the respirator filter housing is carried out by
comparing the measured pressure drop during breathing with stored critical values that indicate the
need for filter replacement.

The signal from the sensor, which has a voltage range of 0-5 V, was converted by a 10-bit
analog-to-digital converter into integer values from 0 to 1023. Over time, as dust accumulates on
the filter, breathing resistance increases, which is detected by the pressure sensor. When the
pressure drop reaches the first critical level (70 Pa at an airflow of 30 L/min; for other airflow rates,
it is calculated using a laboratory-determined dependence, Fig. 5), indicating partial contamination,
the control unit activates a warning signal. If operation continues, the dust mass on the filter
increases, reaching the second critical pressure drop level (100 Pa at 30 L/min), at which the
respirator’s protective efficiency may decrease. The control system will activate a red LED and emit
short audible signals, notifying the user that the filter housing needs to be replaced.

0,015
<L
mE /
3 0,01 //
o /
5
=
E 0,005
g y =0,00000947x + 0,00308473
o R? =0,99812344
g | |

O T T

0 200 400 600 800 1000

Pressure in the mask, Pa

Figure 5: Dependence of the pressure drop on filters on the volumetric air flow
for determining the critical pressure drop value

A decrease in protective efficiency occurs due to significant breathing resistance (established
for each type of respirator under laboratory conditions), which leads to the appearance of air leaks
through gaps in the respirator sealing strip. This moment is detected by the sensor as a certain drop
in pressure after a continuous increase, indicating the emergence of additional airflow paths into
the under-mask space.

Battery level monitoring, which powers the control system and the pressure sensor, is
performed using a voltage divider connected to the microcontroller’s analog port. The system reads
the voltage, which is proportional to the charge level, and compares it with preset threshold values.
The battery level indicator displays the current status of the power source. If the charge drops to a
critical level, the system issues a corresponding signal, notifying the user of the need to replace or
recharge the battery. This function ensures uninterrupted device operation and prevents
unexpected shutdown due to battery depletion.

After each pressure sensor polling cycle, the system records data on pressure, filter
condition, and battery level onto the memory card. This process occurs via the SPI bus, which
provides fast and reliable data exchange. The stored information includes respirator operation
parameters throughout the work shift. Through a data extraction port, the information can be
transferred to an external device for further processing, for example, to analyze respirator usage
efficiency or verify compliance with safety requirements. This function enables operational tracking
of the device, which is important for monitoring its condition and evaluating operating conditions.
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Each of the described functions operates within a general cycle, which repeats to ensure
continuous monitoring of respirator parameters. Together, these components form a reliable
system that enhances the protective performance of the device and improves user convenience.
The system optimizes operational characteristics by providing timely information on filter condition,
half-mask seal integrity, and battery charge level. A general view of the respirator filter housing with
the real-time pressure drop monitoring device is shown in Fig. 6.

Figure 6: General view of the real-time pressure drop monitoring unit on respirator
filters with display

Results

At the first stage, the operation of the real-time pressure drop monitoring unit during breathing was
evaluated under different operating modes, with airflow rates ranging from 30 to 95 L/min. The
obtained values were compared with available experimental data published to verify the
performance of the pressure drop sensor. Approximation of the experimental and theoretical data
using the normalized root mean square error “NRMSE”, calculated in MATLAB with the
“goodnessOfFit” function (Stafford, 1973), was 88,74%, with a correlation coefficient of 0,94 and
Fisher’s statistical criterion of 10256. The dependence of the filter element resistance on varying
airflow rates from 30 to 95 L/min is shown in Fig. 7.

The next stage involved testing the operation of the pressure drop monitoring unit during
breathing under different user operating modes with dusty filters. The dust concentration was
300 mg/m3. The filtration surface area of a single filter element was 0,00785 m? (filter cartridge
diameter 100 mm). The initial filter resistance was 27 Pa at 30 L/min. The filter was made of Eleflen
material with an average fiber diameter of 2,5 um. The fiber packing surface density was
55 mg/m?, and the proportionality coefficient dependent on filtration velocity was 1,4 m*/s%. The
bulk density of dust particles was 1,6 kg/m3, and the non-uniformity coefficient of dust distribution
on the fibers was 1.2.

Experimental pressure data for similarly dust-loaded filters, used for comparison, were
published in studies (Yao, 2019; Qiang, 2022). The results are shown in Fig. 8. The data
approximation of experimental and theoretical data by the normalized root mean square error
“NRMSE”, calculated in MATLAB using the “goodnessOfFit” function (Stafford, 1973), is 58,74 %, the
correlation coefficient was 0.915, Fisher’s statistical criterion is 10273. This indicates sufficient
reliability of the mathematical model, which allows its use in further studies of the operational
pressure drop control unit.
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Figure 7: Dependence of filter element resistance on changes in air flow ranging

from 30 to 95 L/min

meoftset 0

Figure 8: Change in Pressure Drop on the Filtering Element at Dustiness of 300 mg/m?3

Discussion

The main technical outcome is the determination of the required number of filters to protect the
user under high dust conditions, taking into account the operating mode, based on an algorithm for
calculating filter replacement time. This algorithm is based on real-time monitoring of pressure drop
changes due to dust accumulation on the filter surface. This is achieved through:

determining the critical level of filter contamination through the change in the mechanical
position of the lever system associated with the movable partition;
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processing pressure data using a linear regression algorithm taking into account breathing
cycles, which increases the accuracy of the forecast;

displaying information about the residual resource of the reusable replaceable filter
cartridge with a filter for respirators on the display and saving it for analysis;

optimizing costs through timely replacement of filters and pre-filters, as well as planning the
required quantity.

The proposed technology provides indirect control of dust mass on the filter through
mechano-electrical interaction, which allows accurately determining the filter replacement time in
the filter cartridge for respirators without the need for direct weighing.

The calculation results are displayed on the screen in the form of the time remaining until
filter replacement and are stored in the device’s memory. The user receives understandable data
for work planning, and organizations — statistics for calculating the required number of filters. This
approach may reduce operational costs associated with premature filter replacement; however,
guantitative cost analysis is required. Automated control eliminates the human factor, and
forecasting based on data ensures system reliability. The proposed approach may be particularly
applicable in mining, metallurgical, and construction industries characterized by high dust
concentrations.

Conclusion

A real-time pressure drop monitoring device for the respirator filter housing was developed,
providing the basis for enhanced worker safety in hazardous working conditions and expanding
possibilities for personalizing protective equipment according to specific operational requirements
and user physiological characteristics.

The developed real-time pressure drop monitoring algorithm improves the protective
properties of the filtering respirator by timely informing the user about the filter’s pressure drop
status, which is correlated with half-mask seal integrity and battery charge level.

A mathematical model was proposed linking filter parameters, breathing mode, and
pressure sensor characteristics, enabling determination of pressure drop changes on the filter
element depending on dust accumulation, thereby controlling filter service life by comparison with
the critical pressure drop value.
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