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Abstract 
Rehabilitation of patients with respiratory diseases plays an important 
role in complex therapy. This article discusses the rehabilitation of 

patients with respiratory diseases using training using an individual 
breathing simulator with dynamic lung function control and software. 
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1 Introduction 
According to WHO, respiratory diseases account for 40% of the total morbidity [1]. This 

problem has become particularly relevant in connection with the pandemic caused by the new 

coronavirus infection COVID-19.  In 70% of COVID-positive patients, pathological changes in the 

lungs of varying severity were found. At the same time, even a low-symptomatic course of the 

disease does not guarantee the absence of respiratory damage [2]. Patients with moderate and 

severe forms of the disease develop bilateral changes in the lungs, which are accompanied by acute 

respiratory failure. And even after the cure of COVID-19, many patients have residual phenomena 

accompanied by a decrease in respiratory volume [3,4]. In such cases, the method of restorative 

training with the help of breathing simulators can be successfully used in the complex 

rehabilitation of the patient [5]. In this project, it is proposed to develop a breathing simulator with 

a number of functions that are absent from analogues: the ability to determine the parameters of 

breathing; the selection of an individual training regime; the presence of an archive with which you 

can track the dynamics of changes in the patient's condition [6]. 

2 Literary Review 
All breathing gymnastics hardware can be divided into two large classes: 1) breathing 

simulators that create resistance to breathing and breathing simulators that change the gas 

composition of the alveolar air; 2) breathing simulators that create resistance to breathing [7].  

The first class of breathing simulators is based on a local reduction in the cross-section of 

the respiratory tract due to the introduction of technical means into the respiratory tract. This 

contributes to a training increase in the power and endurance of the respiratory muscles and 

improves breathing [8].  

 When using these simulators, a slight increase in the concentration of CO2 and a decrease 

in the concentration of O2 in the alveolar air is possible [9-11].  

The second class of breathing simulators includes models that combine the ability to change 

the composition of alveolar air. This class of simulators can be divided into two groups:  

- breathing simulators that create hypoxia. 

 Devices from this group of simulators, as a rule, are designed for group training, which 

significantly saves time, but has a number of disadvantages: bulkiness, high cost, and complexity of 

use.  

- breathing simulators that create hypoxia and hypercapnia (hypercapnic hypoxia). 

Simulators of this group are the most promising since they summarize the therapeutic effects of 

both oxygen deficiency and excess carbon dioxide. The basis of the work of these breathing 

simulators is the return breathing (re-respiration), which can be carried out by breathing from a 

closed circuit or through an "additional volume of dead space" (DOMP). 

Thus, it was revealed that the most preferable for practical application is the principle of 

resistance to both inhalation and exhalation, which will be used in the design of the simulator 

being developed [11-14]. 
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3 Method 

3.1 Development of the Design of an Individual Breathing Simulator 
with the Function of Dynamic Control of Lung Function 

The breathing simulator must have the function of evaluating the parameters of external 

respiration. All spirometric devices can be divided into open and closed type devices. In open-type 

devices, inhalation and exhalation are actually produced from the atmosphere. Such devices work 

on the principle of a pneumotachograph, primarily measuring the speed of air movement, and 

volumetric indicators are obtained by integrating the flow over time. In closed-type devices, the 

patient exhales into the device or breathes from some closed (closed) reservoir of variable volume. 

This design allows, in addition to measuring respiratory volumes and calculating flows, to analyze 

the gas composition of the respiratory mixture, which is the main advantage of closed-type devices 

[15,16]. 

The principle of operation of devices based on a differential pressure gauge is that the 

respiratory flow is directed into a pipe in which there is an obstacle (actually a narrowing). Another 

option may be the so-called Pitot tube, in which there is an additional measuring tube in the main 

pipe with an opening directed parallel to the flow [17]. When the gas flow moves, the pressure in 

front of the obstacle increases, and after it decreases. There is a relationship between the 

volumetric flow velocity and the magnitude of the pressure drop, which is determined by the design 

of the obstacle and a number of other factors [18]. The measured pressure difference can then be 

converted into the magnitude of the flow that caused the pressure drop. To measure the pressure 

drop, thermoanemometric sensors and load cells are used, which are the most common at present. 

The former has greater sensitivity, but is more inertial, and may require a short warm-up so that 

their character becomes stable [19].  

The operation of the turbine converter is based on the proportionality of the speed of 

rotation of the impeller (rotor) of the gas flow velocity. In modern devices, the number of rotations 

of the rotor, as a rule, is calculated by the optical method: the rotor, when rotating, periodically 

blocks the flow of light that is captured by the photodetector [20]. The electronic part of the device 

counts the number of pulses generated by the photodetector [21]. The obvious advantage of a 

turbine converter is the simplicity of calculations. The most significant drawback is the inertia of 

the turbine: it continues to rotate even after the impact of the airflow ceases. In addition, a 

significant factor is the complexity of the sanitary treatment of sensor parts, which led to the 

appearance of devices with replaceable turbines.  

The ultrasonic flow sensor uses the Doppler effect to measure the linear velocity of the gas 

flow. Ultrasonic emitters and receivers are located, as a rule, at a minimum angle to the axis of the 

tube. An essential condition for the operation of such a sensor is the presence in the air of a 

sufficient concentration of small particles with which ultrasound interacts. The disadvantage of the 

ultrasonic sensor is low sensitivity, especially at low flows. The most significant advantage lies in 

the possibility of creating such a structure in which the patient contacts only with a single 
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replaceable individual part - the actual tube through which breathing occurs [22]. This actually 

solves the problem of preventing the transmission of infections during spirometry, there is no need 

for regular calibration, but it is necessary to take into account the high cost of such tubes [23-28]. 

Thus, the optimal solution for the simulator being developed is the use of an ultrasonic 

sensor measuring the linear velocity of the exhaled air flow to assess the function of external 

respiration. 

With the help of spirometry, the following static lung volumes and capacities can be 

measured: 

− respiratory volume is the volume of air that is inhaled and exhaled during the respiratory 

cycle;  

− reserve exhalation volume - the maximum volume of air that can be exhaled after a calm 

exhalation;  

− reserve inhalation volume - the maximum volume of air that can be inhaled after a normal 

calm inhalation; 

− the vital capacity of the lungs is the maximum volume of air that can be inhaled or 

exhaled. 

Thus, the design of the simulator being developed should provide the measurement of 

respiratory volumes with the subsequent automated selection of the training mode depending on 

lung function indicators.  

The breathing simulator should be light in weight, mobile, easy to hold in your hand, and 

equipped with a replaceable mouthpiece. The approximate dimensions of the simulator are 30x20 

cm. 

The material of the case is plastic. The breathing simulator must contain a tube through 

which breathing is carried out. An air volume and pressure sensor should be installed in the tube to 

assess the patient's lung function (vital capacity of the lungs).  

The simulator should contain elements of the type of vertical plates, which should be located 

in the lumen of the breathing tube so as to block the access of air. Vertical plates should be able to 

change their position by turning (maximum 180-degree rotation) to create resistance to exhalation 

and inhalation in training mode (Figure 1). 

A liquid crystal display reflecting data from sensors and buttons for selecting the training 

mode should be located on the body of the simulator. Training modes are displayed on the display 

with numbers from 1 to 3 and depend on the condition of the lungs, intensity and frequency of 

training. 

The simulator must run on batteries with the possibility of recharging. Battery life without 

charging is at least 24 hours. Working time with a load without charging is at least 4 hours. 

To implement the tasks set, the following design elements of the breathing simulator were 

selected: MPX5010DP air pressure sensor; reusable D-Lite flow sensor; 16X2 I2c character LCD 

display; Arduino Nano board; plastic breathing tube; elements by the type of vertical plates 
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(material of manufacture - plastic), which should be located in the lumen of the breathing tube so 

that to block air access; servos that change the position of vertical plates in the lumen of the 

breathing tube; the body of the device; removable mouthpiece (mouthpiece); battery. 

 
Figure 1: The main design elements of the breathing simulator and their mutual arrangement 

 

3.2 Selection of Materials Taking into Account Their Safety for 
Health 

The device must be safe for patients, medical and service personnel and comply with GOST 

20790-93 "Interstate standard. Medical devices, apparatuses and equipment. General technical 

conditions". The material of the case is plastic. Certain requirements are imposed on the polymers 

from which the body and some elements (breathing tube, vertical plates, mouthpiece) will be made: 

− high chemical resistance to liquid media (contact of mouthpiece with saliva, breathing 

tube with exhaled air moisture); 

− minimal content of easily volatile components (complete absence of odor); 

− the ability to print parts on a 3D printer. 

These requirements are met by engineering plastics for general and special purposes: ABS 

plastic, polycarbonate PC, PC/ABS, polybutylene terephthalate PBT, polyamide PA, 

polymethylmethacrylate PMMA [29]. 

ABS plastic is the most suitable material for the production of the device body. The 

combination of acrylonitrile and butadiene links with styrene fragments provides ABS plastic with 

elasticity and the necessary impact resistance, which makes it one of the most popular plastics for 
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the production of complex molded products with a high degree of extraction. Cheap ABS plastic is 

produced stabilized in the form of white granules or powder [30, 31]. 

ABS plastic has a higher resistance to shock loads compared to general-purpose polystyrene, 

impact-resistant polystyrene and other styrene copolymers.  

Thus, the material for the manufacture of the body and parts of the breathing simulator by 

3D printing has high chemical resistance, moderately high thermal stability, resistance to gamma 

and X-ray radiation, good mechanical processing performance, low moisture absorption and 

scratch resistance. 

3.3 Development of the Breathing Simulator Software 
 The optimal dimensions of the simulator are selected dimensions of 20x30 cm. To 

implement this, a programmable microcontroller of the Arduino family – the Arduino Nano model 

- was used as the hardware part of the project. Arduino Nano is a board with minimal dimensions 

that are best suited for creating compact devices.  

 The ICSP interface is used to program Atmel controllers on which the Arduino module is 

assembled. The ICSP pinout for Arduino Nano is shown in Figure 2. 

Figure 2: A fragment of the schematic diagram of the Arduino Nano board. The first pin of the 6-pin 
connector is numbered clockwise: 

 
1. MISO (master accepts from slave); 

2. +5V (power supply); 

3. SCK (clock pulse); 

4. MOSI (master passes to slave); 

5. RESET (reset); 

6. GND (earth). 

Arduino Nano supports an I2C interface for communication with various devices and 

peripherals. One of the most common applications is communication with the display via the I2C 

bus. Thanks to this technology, it is possible to output character sets and data to the display using 

only 2 pins D4 (SDA) and D5 (SCL). In this project, to connect the MPX5010DP air pressure sensor 

and Arduino Nano, the sensor is connected to pin A0, and the I2C LCD data lines are connected to 

pins A4 and A5 (Figure 3) 
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The Arduino IDE development environment and the high-level C++ language are used for 

programming. The Arduino IDE allows you to compose programs in a convenient text editor, 

compile them into machine code and upload them to all versions of the Arduino board. The 

application is completely free. 

The project uses the libraries LiquidTWI2 (fast library for LCD displays on MCP23008 or 

MCP23017 controllers), LCD_1602_RUS (Russian font library for LCD displays), EventManager 

(library for working with events), GyverStepper (high-performance library for stepper motor 

control) and CapacitiveSensor (library for creating touch buttons). 

 

 
Figure 3: Connection diagram of the air pressure sensor and the Arduino Nano board in a breathing simulator 
 

3.4 Software Setup and Debugging 
Debugging a program is one of the most difficult stages of software development. For the 

purpose of debugging, source code testing and functional testing were carried out. The verification 

of the claimed functionality was carried out in two directions – to determine the parameters of the 

vital capacity of the lungs based on the airflow velocity data obtained using sensors, and for the 

modes of operation of the breathing simulator: 

Mode 1 –when the values of the vital capacity of the lungs are from 3500 to 3200 cm3, the 

rotation of the vertical blinds should ensure the overlap of the lumen of the breathing tube by 75%. 

Mode 2 - with values of the vital capacity of the lungs from 3200 to 2900 n cm3, the rotation 

of the vertical blinds should ensure that the lumen of the breathing tube is blocked by 50%. 

Mode 3 - when the values of the vital capacity of the lungs are from 2900 to 2600 cm3, the 

rotation of the vertical blinds should ensure the overlap of the lumen of the breathing tube by 25%. 

If the values of the vital capacity of the lungs are less than 2600 cm3, the display should 

display the inscription "Low values of the vital capacity of the lungs. See a doctor." 

After debugging the software, the system functions smoothly, implementing the actions 

necessary for the simulator being developed. 
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4 Result and Discussion 
1. The design of an individual breathing simulator with the function of dynamic control of 

lung function has been developed. The main components of the device are a tube with installed 

flow sensors (D-Lite) and pressure sensors (MPX5010DP) of air to assess the vital capacity of the 

lungs; elements of the type of vertical plates to create resistance to exhalation and inhalation in 

training mode; as well as a 16X2 I2c character LCD display and training mode selection buttons 

depending on lung functions. An Arduino Nano programmable microcontroller is used as the 

hardware part. The simulator must run on batteries with the possibility of recharging.  

2. Materials have been selected taking into account their safety for health. ABS plastic is the 

most suitable material for the production of the body and parts of the breathing simulator by 3D 

printing. The material has high chemical resistance, moderately high thermal stability, resistance 

to gamma and X-ray radiation, good mechanical processing performance, low moisture absorption 

and scratch resistance. 

3. The breathing simulator software has been developed. The Arduino IDE development 

environment and the C++ language are used for programming. The project uses the libraries 

LiquidTWI2 (fast library for LCD displays on MCP23008 or MCP23017 controllers), LCD_1602_RUS 

(Russian font library for LCD displays), EventManager (library for working with events), 

GyverStepper (high-performance library for stepper motor control) and CapacitiveSensor (library 

for creating touch buttons). 

4. The software has been configured and debugged. The verification of the claimed 

functionality was carried out in two directions – to determine the parameters of the jet based on 

the data of the airflow velocity obtained using sensors, and for the modes of operation of the 

breathing simulator. There are 4 modes of operation of the device – 1 diagnostic and 3 training 

modes. 

The novelty of the project is to create a breathing simulator with sensors that measure the 

volume and velocity of the exhaled air flow, according to which it is possible to assess lung 

function. Based on the individual parameters of the patient, the optimal mode of respiratory 

training will be selected using algorithms implemented in the software. The method of breathing 

training is based on the creation of resistance to inhalation and exhalation to a certain extent, 

depending on the state of the respiratory system. In response to the formation of hypercapnia, 

respiratory patterns are stimulated and, as a result, respiratory muscles are trained, followed by the 

restoration of respiratory volumes.  

5 Conclusion 
The design of an individual breathing simulator with the function of dynamic control of lung 

function has been developed. The elements of the simulator being developed should provide the 

measurement of respiratory volumes with the subsequent automated selection of a training regime 

depending on lung function indicators. The main components of the device are a tube with 
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installed air volume and pressure sensors to assess the vital capacity of the lungs, elements of the 

type of vertical plates that are able to change their position by rotation (maximum rotation by 180 

degrees), to create resistance to exhalation and inhalation in training mode, as well as a liquid 

crystal display reflecting data from sensors, and training mode selection buttons depending on lung 

function.  

Materials have been selected taking into account their safety for health. For the production 

of the body and parts of the breathing simulator by 3D printing, the most suitable material is ABS 

plastic.  

The breathing simulator software has been developed. The Arduino IDE development 

environment and the C++ language are used for programming.  

The software has been configured and debugged.  

Thus, based on scientific analysis, the design of an individual breathing simulator with the 

function of dynamic control of lung function and software for its operation has been developed. 

6 Availability of Data and Material 
Data can be made available by contacting the corresponding author. 
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