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In this paper algorithms and programs for an artificial lung ventilator were developed, which can be widely used,
and especially now for COVID-19 patients. The aim of the work is to develop a software system for the microcontrol-
ler STM32L151ZDTx-LOFP144 of the portable ventilator Axion A-IVL-E-03, which allows operation in different
modes of ventilation, graphical display of the respiration dynamics and prompt messages to the operator during op-
eration using voice prompts and light signals. The developed lung ventilation algorithms provide periphery manage-
ment and monitoring the correctness of their work, handle alarm status using a display, voice prompts and light indi-
cation. In this research, we will consider modes of artificial lung ventilation, the algorithms of work, and compare the
existing analogues. Mathematical models have been proposed for pressure-controlled ventilation as a tool that allows
the physician to understand the important interaction between patient input parameters (frequency, applied airway
pressure and inspiratory ratio) and clinically important parameters (tidal volume, average volume of minute ventila-
tion).

These mathematical models were applied and it was shown that they are a reasonable approximation of a complex
process.
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INTRODUCTION

Artificial lung ventilation or mechanical lung
ventilation is an integral part of medicine. No seri-
ous operation is complete without an artificial lung
ventilation apparatus. Many diseases do not allow
to live without an artificial lung ventilation appara-
tus, especially now at the period of COVID-19
pandemic. In some cases, artificial lung ventilation
therapy helps people to breathe on their own again.
Artificial lung ventilation apparatuses are used both
in hospitals and in ambulances. This is a very im-
portant part of medicine, which is very closely re-
lated to pulse oximetry and capnography. Mechani-
cal lung ventilation has changed significantly since
the poliomyelitis epidemic. Ventilation apparatuses
with negative pressure, used that time, were re-
placed by apparatuses with positive pressure. Ana-
log displays have been replaced by digital ones.
Nowadays almost all artificial lung ventilation ap-
paratuses are now controlled by advanced computer
algorithms, which allow doctors to change almost
any parameter. Advances in ventilation technology
have created a unique profession in the field of re-
lated medical services, a specialist in respiratory
diseases, whose main function is to assist in the

management of ventilation apparatuses and the in-
tricacies of mechanical lung ventilation. Despite
these significant advances, many of the physical
principles that govern gas delivery during mechani-
cal lung ventilation have remained the same. Me-
chanical lung ventilation is primarily a form of
supportive therapy and does not cure the concerned
disease. Mechanical ventilation should support two
very important physiological goals: normalization
of arterial blood as well as imbalance of the acid
base by providing adequate ventilation and oxy-
genation using volumes and positive pressure, and
reducing the patient's respiratory work by unload-
ing the respiratory muscles in a synchronous man-
ner. When establishing artificial lung ventilation,
the primary violation of the patient’s respiratory
exchange should be recognized. Patients whose
main problem is hypoxemia, e.g., with congestive
heart failure or acute respiratory distress syndrome
(ARDS) will require more attention to ventilation
parameters that improve oxygenation (proportion of
inhaled oxygen FiO2), positive end expiratory pres-
sure (PEEP), and mean airway pressure. In contrast,
patients with hypercapnic respiratory failure, e.g.,
patients with acute exacerbation of chronic obstruc-
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tive pulmonary disease (COPD), drug overdose, or
neuromuscular disease, generally need to pay atten-
tion to ensuring adequate lung ventilation. There
are also patients who are intubated only to protect
the respiratory tract (e.g., cramps, altered mental
status, and anesthesia). In such cases, mechanical
lung ventilation is installed simply to maintain the
patient's normal breathing capacity. Since many of
these patients have relatively normal lungs, me-
chanical lung ventilation usually can be quickly
stopped when the conditions violate the integrity of
the airways to receive adequate treatment. In this
research, we will consider the modes of artificial
lung ventilation apparatuses, consider the algorithm
of work, and compare existing analogues. In recent
years, mathematical models have been proposed for
pressure-controlled ventilation as a tool that allows
the physician to understand the important interac-
tion between patient input parameters (frequency,
applied airway pressure and inspiratory ratio) and
clinically important parameters (tidal volume, aver-
age volume minute ventilation). These models were
used and it was shown that they are a reasonable
approximation to a complex process.

ARTIFICIAL LUNG VENTILATORS

There is a growing demand for new technologies
that can take on the function of a person’s lungs,
from assisting an injured or recently transplanted
lung to completely replacing a native organ. Artifi-
cial lung ventilators must be able to support gas
exchange requirements for normal lung function.
The device should maintain appropriate blood pres-
sure, reduce injury to blood cells and minimize
blood clotting and immunological response. Meth-
ods of parallel, sequential and venous double-beam
cannula are currently proposed. Classic medical
drama would be incomplete without a tense scene,
of one person breathes for another to save his life.
Currently, a mechanical lung ventilation is used
with a wide range of methods, calculations and set-
tings aimed at increasing its success. On the hori-
zon, there is a mechanical or artificial lung, a de-
vice that is implanted in a person to support breath-
ing. Number of people in need of a lung transplant
is growing. Between 1997 and 2007, the number of
candidates for lung transplantation increased by
11 % coupled with the huge gap between those who
need a lung transplant and the number of available
lungs, the demand clearly outweighs the supply.
Only 18 % of 13,154 lungs from organ donors were
transplanted in 2006. Where 81 % were not re-
stored, due to discrepancy called the “poor organ
function”. Thus, research was focused not only on
the artificial lung as a replacement organ, but also
on the artificial lung as a bridge to transplantation.

Additionally, a successful artificial lung could be
used as a supportive device after a transplantation or
as additional support to mechanical ventilation [1-3].

Basic Principle

Venous blood always has a lower PaO, (40 mm
Hg or 75 % saturated or 15 ml O,/ 100 ml blood)
and a higher PaCO, (46 mmHg) than respirable gas
(PiO, 150 mm Hg, PiCO, usually 0). Therefore,
a partial pressure gradient displaces oxygen and
CO, from pulmonary capillary blood. Ventilation is
a process that mixes fresh respiratory gas with al-
veolar gas. If there is no ventilation at all, there will
be no replenishment of oxygen and removal of
CO,. PaO2 will fall, and PaCO, will increase in the
direction of venous O, and CO, tension. After the
onset of apnea, CO, rises rapidly, and within
30 seconds, it is about 50 mm Hg, causing air hun-
ger, like when holding the breath. The subsequent
rate of increase in CO, voltage is much slower,
about 15 minutes, to reach 80 mm Hg, because it
dissolves very well. The rapid response of arterial
CO, to apnea explains why it is such a good gas for
our body to use as its primary ventilation control
mechanism [4, 5]. In contrast, in the alveoli an
oXygen reservoir can maintain an acceptable oxy-
gen tension for about a minute. If the volume of the
lung is sufficient, after a deep breath and, in par-
ticular, if the lung is filled with a partial oxygen
pressure higher than usual, the acceptable voltage
of the alveolar oxygen can last much longer. How-
ever, if the functional residual capacity FRC is re-
duced, oxygen consumption will increase or col-
lapse may occur, and the benefits of “pre-
oxygenation” will decrease markedly. If the ventila-
tion is greater than necessary, the voltage of the
alveolar gas will shift closer to the inhaled gas, i.e.
the CO, level will be lower and the oxygen level
slightly higher.

Inhaling: is an active process requiring muscular
effort, 75 % of the diaphragm at rest; load on the
intercostal muscles. Causes of effort when inhaling:
drop in intrapleural pressure, drop in alveolar pres-
sure, the pressure gradient from the mouth to the
alveoli, the pressure gradient of the gas flow.
Maximum inspiratory force is sometimes used as an
indicator of effort; if <20 cmH,O most patients
have difficulty.

Exhaling: is a passive process due to the return
of the lungs, relaxation of the inspiratory muscles,
intrapleural pressure becomes less negative, alveo-
lar pressure rises, pressure gradient from the alveoli
to the mouth, and pressure gradient of the gas
downwards supply.

Respiratory rate and I/E ratio: The normal res-
piratory rate is about 15 breaths/min, significantly
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increasing during exercise. The normal I/E ratio at
rest and during sleep is 1/2 or less. At load, the I/E
ratio is 1/1. Inhalation is usually an active process
(requiring work). The exhalation is passive and
usually lasts longer than the time required for inspi-
ration, which leads to a period of no flow. With
spontaneous breathing, breathing is minimized by
reducing inspiratory time and reducing tidal vol-
umes, which is enough to get rid of the CO, re-
leased [6-8].

Airway resistance: Limits the flow of gas
through the respiratory tract, mainly due to airway
diameter/ETT (fourth degree radius), where ETT
means the endotracheal tube. The normal response
to increased resistance is increased force, in condi-
tions of increased airway resistance, slowing of
breathing is better.

Intrapleural pressure: is 7.5 cm H20 at mid-
chest level, due to the elastic recoil of the lung, op-
posite to the chest wall. It becomes more negative
on inspiration. Less negatively in dependent areas
of the lungs, reducing alveolar size.

Compliance: Static correspondence is an indica-
tor of the stiffness of the lungs and chest wall, usu-
ally 50 ml/cm H2O in adults and proportionally less
in children. Usually this occurs equally due to the
correspondence of the lungs and chest wall (100
ml/cm H20 each). When considering the algo-
rithms, the following modes were selected: PSV,
IPPV, SIMV, and Resuscitation. These algorithms
are the most commonly used by doctors, and areex-
plained in the following.

Pressure Support Ventilation (PSV)

The essence of this mode is ventilation with
pressure support, i.e., the ventilator supports the
patient’s spontaneous breath. In response to a pa-
tient’s respiratory attempt, the ventilator increases
the pressure to the prescribed value and maintains
inspiratory pressure at the set value throughout the
inhalation and switches to exhalation when the flow
decreases to the set percentage. All breaths in PSV
mode are spontaneous, i.e., they are started and
completed by the patient. In the PSV mode, doctors
set, the support pressure, the positive end-
expiratory pressure (PEEP), type of trigger used
and its sensitivity, the flow rate curve, and flow
percentage from the maximum possible [9].

o Trigger: The commonly used trigger is the
flow-triggered ventilation and the pressure trigger. If
no enough trigger sensitivity is set, the device will
not recognize the patient’s attempt to inhale and will
not support his inhalation. However, the excessive
sensitivity makes the device take a breath by false
response of the trigger and take breaths that are not
synchronous with the patient's respiratory activity.

e PEEP: positive end-expiratory pressure or
baseline pressure is the pressure that the device al-
ways supports between breaths. If baseline pressure
is atmospheric, this is ZEEP (zero end expiratory
pressure or zero expiratory pressure).

Support pressure is the pressure created in the
inhalation circuit that supports the patient's inhala-
tion. Nowadays, in all modern devices, the support
pressure is of the PEEP type. If the support pressure
is set to zero, then the PSV will turn into continu-
ous positive airway pressure CPAP. The curve of
flow increase indicates the speed, i.e., how long
with hardware inspiration, the flow reaches its
maximum value. Mostly, the rate of pressure devel-
opment can be set from 50 to 500 msec. When
switching to exhalation, only a percentage of the
flow is used as shown in Fig. 1.
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Fig. I. Switching to exhalation in PSV mode

Threshold examples: the threshold for switching
to exhalation in the flow mode is 25 % of the
maximum inspiration flow, exhalation threshold is
reduced to 10% of the maximum flow, and exhala-
tion flow threshold is increased to 70 % of the
maximum flow. The lower the percentage of
switching to exhalation, the longer the breath and,
accordingly, the greater the volume of breath. The
first option is a standard default setting. Fig. 2
shows the examples described above. It is difficult
to measure the value of the force that the diaphragm
creates at the moment of patient’'s breath in PSV
mode. To do this, an esophageal pressure sensor
(first manufactured by Driger) should be installed.
This sensor measures intrathoracic pressure surro-
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gate with high reliability. However, the intratho-
racic pressure does not fully reflect the force of the
diaphragm muscles or the negative pressure that the
diaphragm muscle will create in the chest at the
moment of the patient's spontaneous breath. This is
because as soon as the trigger works, the ventilator
starts to fulfill its task of supporting pressure. It
must begin to maintain the target pressure during
the whole breath. In this case, the apparatus not
only compensates for the rarefaction that happens
to occur during inspiration during the expansion of
the chest, but also creates the flow necessary to en-
sure the achievement of the target airway pressure
of the patient. That is, the stronger the patient ex-
hibits respiratory activity, the stronger the device
must supply air to him in order to obtain a preset
value of the support pressure [10-12]. The tidal
volume in PSV mode depends on the quality of
synchronization, correct support pressure, and cor-
rect switching to exhalation. We find that:

— High-quality synchronization of the ventilator
with independent respiratory activity of the patient
is one of the indicators of high-quality ventilation.

— The choice of the support pressure value de-
termines not only the patient's comfort, but also
the duration of mechanical ventilation, as well as
the timing of recovery. Analysis of the results of
monitoring the respiratory rate and tidal volume of
the patient tells the doctor the way to optimize the
ventilation mode setting. In mechanical ventila-
tion, it is important not to try to use a particular
patient in the general “averaged” scheme, but to
take into account pathological conditions or vari-
ants of norm and individual characteristics each
time [13-15].

— Under the correct switching from breath to ex-
halation, we show the setting of the breath duration
acceptable for the patient. Among the five factors
that determine the size of the tidal volume, we ana-
lyze the interaction of the three.

Support Pressure

Fig. 2. Three different exhalation threshold examples

Main factors on which volumes depend are: dif-
ferent respiratory activity of the patient (Such as the
frequency and depth of breathing), the patient's res-
piratory system state (i.e., compliance and resis-
tance of the airways), the level of inspiratory sup-
port pressure, the rate of increase in flow, and the
duration of inspiration to switch from inspiration to
exhalation (depending on the percentage of the
maximum flow).

Also, as a protection against apnea (stopping
respiratory movements), the inclusion of air flow
was pre-programmed if the patient's respiratory ac-
tivity was not registered within ten seconds.

Intermittent Positive Pressure Ventilation

(IPPV)

First introduced by Dréger as a ventilation mode
with a template according to volume controlled
continuous mandatory ventilation VC-CMV and

with switching of time for exhalation according to
time cycling. Fig. 3 shows a circuit that is similar to
the one used in Evita series. The 2™ breath in the
diagram shown does not differ at all from the 1%
The figure shows that the artificial lung ventilator
increases airway pressure until it delivers the de-
sired respiratory tract. Pp. 47 is the plateau pressure,
PIP is the peak inspiratory pressure, 1/f is the
breathing cycle period, 7}, is the inhale time, 7, is
the exhale time, Insp. pause is the inspiratory pause,
and P,y is the airway pressure. Immediately after
the tidal volume is delivered, the flow stops. How-
ever, exhalation will begin only when the time al-
lotted for the inhale of Tj,, is over. At this point,
the exhalation valve will open, after which the pa-
tient can exhale. The inspiratory time is divided
into the inspiratory time, when the flow increases,
and the second is the inspiratory pause. This pro-
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vides an important insight into the operation of the
two components of inspiratory time, such as the
Pax or pressure limit option. The CMV modes are
the volume controlled continuous mandatory venti-
lation VC-CMYV and the pressure controlled con-
tinuous mandatory ventilation PC-CMV. The phase
variables are:

— Trigger: The “CMV” mode has a time trigger,
i.e., the ventilator always take breaths only on
schedule. In many ventilators in this “CMV” mode
there is one more trigger of the patient, where, the
patient will be able to initiate a breath himself. It is
a flow trigger or a pressure trigger. In order for the
patient's trigger to work, a special time period is
allocated before the scheduled inspiration starts.
The breath that was initiated by the patient is called
assisted breath. This breath does not differ in vol-
ume, pressure and duration from a forced breath.
The “CMV” mode option with a patient trigger is
also called assisted-control ventilation (A-C).

— Limit inspiration: or limit variable, when con-
trolling the inspiration by pressure, the ventilator
fulfills the prescribed pressure, i.e., the pressure
limit is established upon the use of this breath con-
trol method. If inspiration is controlled by volume,
the maximum inspiratory volume is set. If the venti-
lator controls the breath by volume, then it does not
have the right to give more than what was estab-
lished by the doctor. There are ventilators that pro-

vide when controlling the volume of inspiration to
set the maximum pressure level or limit Py,,,. If the
device for the provided inspiratory time does not
exceed the pressure limit, cannot deliver the set
volume, then an emergency event is initiated that
the volume is not delivered or a low volume is sup-
plied, telling us to increase the inspiratory time or
raise the pressure limit.

— Switching from inspiration to exhalation cycle
variables: 1f the ventilator controls the inspiration
by pressure “Pressure controlled continuous manda-
tory ventilation”, the transition is performed ac-
cording to time “Time Cycling”. If the artificial
lung ventilation apparatus controls the breath by
volume, the transition is performed according to
volume “Volume Cycling” or according to time
“Time Cycling”.

— Exhaling: The limits of exhalation are deter-
mined by setting the expiratory time and the value
of the PEEP level.

— Conditional variables and control logic:
which in CMV mode is the amount of time that the
patient’s trigger is activated, and the sensitivity of
the trigger.

If the ventilator notices respiratory activity of
the patient, then the apparatus switches to breath. If
it does not see a patient's respiratory activity, then
the breath is turned on according to the established
schedule (time trigger).
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\, ar
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Fig. 3. Artificial lung ventilation apparatus increases airway pressure until it delivers the desired respiratory tract
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Synchronized Intermittent Mandatory

Ventilation SIMV

Constant flow VC as evolutionary stage. This
version of SIMV has forced breaths in volume and
transition to breathe using a time trigger and is syn-
chronized with the patient's respiratory activity and
spontaneous breaths in the intervals between forced
breaths [16—18], as in PSV mode. Forced breaths:
are controlled by volume, and switching to exhala-
tion occurs in time. This mode has the ability to
switch to a forced breath in time, i.e. a time trigger.
Spontaneous breaths: have a flow or pressure trig-
ger. If the support pressure value is set to zero, then
the patient will produce spontaneous breaths as if it
is the continuous positive airway pressure CPAP
mode. The time trigger initiates a forced breath re-
gardless of whether the patient has respiratory ac-
tivity or it is absent. The effect of this trigger de-
pends on the preset frequency of forced breaths. In

this mode, the patient’s trigger is usually triggered
by flow or pressure. When the patient shows respi-
ratory activity, that is, a flow or pressure sensor in
the device initiates an inhalation, sends a signal to
the algorithm to switch to breath. The doctor sets
the sensitivity of the patient's trigger when setting
the ventilation mode of the artificial lung ventila-
tion apparatus. If the trigger sensitivity is too high,
this leads to a false trigger, otherwise if too low the
algorithm skips the patient's respiratory activity.
The forced breath is triggered by a time trigger.
Dividing the time into intervals allows the device to
decide how to respond to a patient's respiratory at-
tempt, Fig. 4. If the trigger reports an attempt to
patient’s breath, then the device algorithm should
include a forced breath or PSV breath, but always
includes what is needed. To solve this problem,
different time intervals are introduced for sponta-
neous and forced breaths.

Forced Breath

p Spontaneous Inhale PSv Synchtonized Breath
(Mandatory) ‘ | l
| [y 1 I_‘_'_J '\._‘_._.i \_‘_._.i b L ¥ ]
Forced Breath B - - B - —" Forced Breath t
Synchronization Spontaneous Breath Interval Svpchron'lzatiu:rn
Window Window

Fig. 4. Dividing the time into intervals

SIMV mode has a time interval for synchroniz-
ing forced breaths with patient activity. This timing
interval is for forced breaths. The interval becomes
available before the trigger starts a forced breath.
Between the end of the forced inspiration interval,
the time interval for spontaneous inspiration is de-
layed until the trigger triggers by time. If the pa-
tient's respiratory activity occurred during the syn-
chronization interval, the device will switch to
forced synchronized breath. If the patient does not
have respiratory activity during the synchronization
interval, then the trigger will work in time and the
device will take a forced breath. In the third case, if
the patient's respiratory activity is noticed during
the interval between the windows for synchronized
forced breaths, the device will support a spontane-
ous breath, i.e., a breath that is made according to
the PSV mode. Fig. 5 shows this mode. This mode
is preferred by doctors because of its versatility. If
there is no patient respiratory activity, then it is in-
distinguishable from CMV-VC. If the doctor set the
frequency of forced breaths to zero, then the regime
turns into PSV. However, the most important dis-
tinguishing ability of this regimen is that it does not

need to suppress the patient’s spontaneous breath-
ing and it is possible to smoothly change the degree
of respiratory support. The disadvantage of the re-
gime is that in its parameters pressure, flow and
volume, forced and spontancous breaths vary
greatly. In the figure, you can verify these differ-
ences [19, 20].

Overview of analogues

Table 1 shows a comparison between the port-
able ventilator Axion A-IVL-E-03 and RITM 100
TMT, Aeros 4300, and A-IVL/VVLp-3/30. After
analysis, the following tasks were identified:

— Develop lung ventilation algorithms, after
studying the literature on most popular modes, such
as auxiliary ventilation with pressure support, syn-
chronized intermittent forced ventilation, intermit-
tent ventilation with positive pressure, resuscitation.

— Provide peripheral management, after studying
the information on keyboard, switches, and pres-
sure, vacuum, airflow sensors, as well as speaker
and LED control.

— Implement emergency handling, by monitor-
ing the following emergencies stenosis (the set
pressure threshold is exceeded), disconnection of
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the respiratory circuit (one of the reasons is the
mask does not fit snugly with the patient), low bat-
tery, low pressure in the balloon (notifies of a low
oxygen volume in the balloon), and pressure gauge
hose error (pressure gauge hose was pinched).

graph.

Constant Flow SIMV (VCV + PSV)

— Develop a user interface, a clear and conven-
ient interface, a driver for a 2.7-inch display has
to be written, and realize the display of the ob-
tained values from the sensors using a real-time

Fig. 5. SIMV mode
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Comparison table
Name A-IVL-E-03 RITM 100 TMT Aeros 4300 A-IVL/VVLp-3/30
Manufacturer LLC Concem LLC «TMT», DIXION, China LLC «Medprom»,
«Axiony», Russia Russia Russia
IPPV, PSV,
Modes Modes of ventilation SIMV, Resuscitation, CMV, ACMV A/C, SIGH, SIMV,
SPONT, Manual, PSV
Oxygen therapy
Minute volume, 0,5-30 0,5-25 0,5-15 0,7-15
1/ min
Respiratory rate, 10-80 5-80 4-99 10-40
1/ min
Inhale / exhale 1:4-4:1 3:1-1:3 2:1-1:4 1:2
Ventilation 0-50 0-60 0-60 15-50
pressure, mbar
Oxygen 100 50-100 48-100 60-100

Concentration, %

Monitored
parameters

Minute volume

Respiratory rate

Airway pressure
Tidal volume

Minute volume

Respiratory rate

Airway pressure
Tidal volume

Tidal volume
Minute volume
Airway pressure
Respiratory rate
Power indicator

Airway pressure
Ventilation modes
Power indicator

Power indicator
Display, inch 2,7 5 — -
Price, t.r.
(thousand rubles) 85 200 275 95

FUNCTIONAL AND MATHEMATICAL

MODEL

Functional model

The functional diagram is shown in Fig. 6. With
the help of sensors, we obtain the respiratory circuit

and the oxygen cylinder parameters. Data from the
pressure sensor and vacuum sensor enters the con-

troller using a serial peripheral interface SPI. The

air sensor is analog and the data is converted using
an analog-to-digital A/D converter.
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Fig. 6. Functional diagram
A battery charging program was developed on Mathematical model

another controller, where all charging algorithms
occur, and only the charge level comes to the main
controller. With the help of the user interface the
device modes are set. There is a keyboard with po-
sition selection, mode confirmation, exit button,
manual mode button, disabling voice prompts but-
ton, and a button for turning the device on and off.
With the help of dial switches, the time value and
breath frequency per minute are selected. The re-
gions indicated by a special color for different peri-
ods coincide with the color of the set values on the
display, e.g., the child mode uses yellow color, on
the display and the selected values are also tinted
yellow. The controller also sends data to the dis-
play, about the current pressure, as well as the dis-
play of pressure and volume curves. Information
about the mode operating time, the last selected
mode, and the device’s total operating time is dis-
played. Using the speaker, the device notifies the
operator of possible emergency and voice prompts
help in choosing the mode settings. The controller
controls the inspiratory valve using pulse-width
modulation PWM to more accurately supply the
required calculated gas mixture flow. The exhala-
tion valve opens when the patient exhales. Emer-
gency handling, and a safety valve is included, re-
sponsible for venting hazardous pressure in the
event of a circuit failure. An artificial lung that
mimics the human lungs has also been used. The
program was tested using an analyzer that monitors
the level of oxygen, the frequency of breaths, pres-
sure in the respiratory circuit, minute volume, the
ratio of inspiration to expiration, and the display of
curves.

To describe the mathematical formulation of the
problem, it is necessary to describe some important
concepts in artificial ventilation:

Tidal volume: is a measure of one exhalation or
a regular inspiration.

Inspired reserve volume IRV: maximum inspira-
tory volume at the end of a regular inspiration.

Inspiratory capacity IC: maximum inspiration
volume following a regular exhalation:

IC=VT+IRV.

Total lung capacity TLC: air volume in the lungs
at the end of the maximum inspiration.

Residual volume RV: the volume of air in the
lungs at the end of the maximum exhalation.

Volume capacity VC: the volume of inspiration
after the end of the maximum exhalation:

VC=TLC-RC.

Functional residual capacity FRC: the volume
of air in the lungs at the end of a normal exhalation:

FRC=TLC-IC.

Expired reserve volume ERV: maximum expira-
tory volume at the end of normal exhalation.

Equation of motion or Newton’s third law for
the “ventilator - patient” system:

If the ventilator takes a breath in synchroniza-
tion with the patient’s breathing attempt, the pres-
sure generated by the ventilator (P,.,) is summed
up with the patient’s muscular effort (P,,) (left
side of the equation) to overcome the elasticity of
the lungs and chest and resistance to the air flow in
the airways (right side of the equation):



12 ISSN 1813-7911. HaTtemnexryanbHbie cucTeMbl B ipon3BoacTae. 2020. Tom 18, Ne 3

})mus + })vent = }??lastic + })resistive (m barS);
P,.. = E-V (Elasticity x Volume);
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resistive

=R*V (Flow Resistance x Volume);

P, (mbar)+ P, (mbar)= E(’"b ‘l”j Y (ml) +
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m
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/ min

Considering the proposed options for calculating
the flow based on patient resistance and compli-
ance. Artificial ventilation models are formed by
balancing the pressure in the system:

P +P,. . +P +P,  =0.

vent resist rest

P

vent

is the pressure to overcome the resistive

is the pressure applied by the ventilator,
P

resist
losses inside and outside the lung, P, is the pres-
sure to overcome the elastic forces, since the lung is
pumped and deflated, and P, is the residual pres-
sure in the lung at the end of each inspiration cycle.
It is expected, that the equation is assumed to be
performed during each respiratory cycle 0<7<¢.
One cycle is divided into: inhale, 0<¢<¢, , and
exhale, ¢, <t<t, . The main interest in these mod-
els is the volume noted by V(¢). The dynamics of
the lung can vary between inhalation and exhala-
tion. The specific model that can be obtained de-
pends on the assumptions about P P P

vent > resist > el

and P_,. It is assumed that during inspiration
P, =P, and this type is called permanent venti-

lation or zero pressure PEEP ventilation. It is ex-
pected, that the pressure to overcome the elastic
forces is proportional to the lung’s volume, i.e.,
P, = W)/ C during inhalation and exhalation.
Here C is a constant called compliance. Other types
of assumptions may be made for P,, e.g., we can
assume that P, = V(¢) / C(V), where C(V) is a linear
function of V-
P=R\Q+ R,0.

Where P is the pressure, R; and R, are the resis-
tance parameters, and Q is the flow for inhalation
and exhalation:

dv
0=
dt

Using this justification, we obtain the following
system of differential equations for lung volume in
one breath.

Inhale:

Exhale:

2
Rl(dV“J+R2(dl/e") +Q+P =0.

dt dt c

Where V;, is the inspiratory volume, V., is the
expiratory volume. Now we solve the equation
based on the previous formulas:

dv, RY P,-P,-V/C R
_l — i R + US| resi 1 _ X
dt 2R R, 2R,

We select the plus sign in the equation above so

dv, .
that 7;20. Then we can separate the variables
and get the implicit equation for V(?):

of i+ - /0)-1 -

1

4R t
+ 1+—%(P,-P,,-V./C)=———+a,
\/ Rlz ( ust rest l/ ) CRI a

o is the integration constant.

a :\/l+ 41-:222 (Pust _Prest) +

1

+ ln(\/u 4Rj (P, —P.,) —IJ.
Rl

Substituting the value of a, we obtain an implicit
solution to the initial equation:

111[\/14- 4RR22 (Pust _Prest —VI/C) _1J+

1

+\/1 + 4}.31?22 (Pust _Presr _V;/C) =

1

=_L+\/1+ 41.61322 (Pusr _Presr)+

CR, |
- ])rest ) - 1]

+ ln[Jl 2,
Rl

EXPERIMENTS AND RESULTS

Fig. 7 shows the assembled pneumatic circuit
according to which the apparatus works. At the
inlet, there is a cylinder or tube with a pressure
range from 2.7 to 6 bar, which is connected using
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a quick coupler. A pressure reducer regulates the
inlet pressure to 2.7 bar, followed by a pressure
sensor that monitors the drop in inlet pressure. The
proportional valve is responsible for the prescribed
level of flow. An ejector with a valve and a non-
return valve, are responsible for suctioning, i.e.,
mixing pure oxygen with atmospheric air. The non-
return valve does not allow the oxygen flow to exit

the tube, but only to suck it. The airflow sensor cal-
culates the volumes supplied by the device.
A safety valve is needed in case of system failure.
The exhalation valve opens when the patient ex-
hales. The curves shown in Fig. 8 to 12 correspond
to the experiment results obtained from the device’s
display. The device has an English interface that
can be selected when it is turned on Fig. 13.

Fast Pressure Pressure
Pressure Breakable Regulator Meter
Inlet Connection %.. [
S : T
i > 1 e
T
gl
U Proportional
safety Valve
Valve
A
[ \N: Airflow
— Sensor Ejector
(C)\ [—
J
—/ T
Reverse
£ Valve Vacuum
N‘ = Sensor
WA v/ @
Exhalation
Valve S Valve Pressure +—C
Meter
Fig. 7. Assembled pneumatic circuit
P A Set Pressure Reached Pressure Inhale-Exhale Switching

Al

- B | > |t > \ Tc
Breathing Cycle Inhale | Exhale
PEEP with Valve
Vv A PEEP with Valve

i

............... S S S
H
i

Defined Volume ‘ Inhale |Exha|e
Time

Delivery Time

~Y¥

Fig. 8. IPPV experiment results. The curves obtained from the device’s display



14 ISSN 1813-7911. HaTtemnexryanbHbie cucTeMbl B ipon3BoacTae. 2020. Tom 18, Ne 3

Patient Inhale Set Pressure

Attempt
P F 3
L/'J I~ ] S ;
Spontaneous | Patient Inhale Pati.e.nt Inhale Forced
Inhale-Exhale ! (9 sec waiting {(Waiting Window | Inhale-Exhale
Window) not Recorded)
p Set Volume
| - -— | ?
Inhale | Exhale Defined Waiting
Time  Time Volume Window
Delivery
Flow Reached Reached
P & .
0.5 L/min / Set Pressure
/ [
i -
v v -
t
Patient Inhale
Attempt
Fig. 9. PSV experiment results
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Breathing Cycle . / Set Pressure
- =i
| —-
-— | - et
Inhale |Exhale / rof:chE ol
i .. nhale-Exhale
- Seliau Inhale Waiting
Forced Inhale |Spontaneous window (20 % of

Inhale-Exhale Atteémpt " inhale-Exhale Respiratory Cycle)

v 4
Set Volume

ANTAN

Given Volume Given Volume
Delivery X 2 Delivery X 2

-

Fig. 10. SIMV experiment results
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P2 1sec 1sec 1 sec

¢ _ - ,,_! Reached Pressure
Iﬂl 30 Beats I:(]I) 30 Beats
Metronome Metronome
- — *\ t
Two Automatic Breathing Cycles
Inhale-Exhale
A
v Set Volume
30 Beats 30 Beats
(])) Metronome )) Metronome

1
=

Two Automatic Breathing Cycles

t

"]

(Inhale-Exhale)

Fig. 11. REAN experiment results

Switch to Exit Manual Reached
P+  Manual Mode Mode SetPressure  pragoure
....... -4
-— >
Manual | ; t
Breathing Cycle

Operation Time

Fig. 12. Manual mode experiment results

® Mode 1P I:E 1:2
L Choose
Language Pressure 20 Graphic P
Russian English
Volume/min 9 Frequency 70

Fig. 13. Device appearance and user interface

Emergency handling programs were developed,
where the display is repainted in a red area with a
heading about emergency event. The LED starts
flashing and a voice prompt starts giving advice.
The alarm will work until it is turned off. The de-
vice will still try to give the air mixture to the pa-
tient.

1) Stenosis is the excess of a given level of pres-
sure in the patient's respiratory circuit. When the

pressure in the third respiratory cycle rises, this
emergency occurs.

2) Disconnection of the respiratory circuit dur-
ing the ventilation modes operation, if the pressure
does not rise within 10 sec an emergency occurs.

3) Low pressure in the cylinder when trying to
inhale, the pressure sensor in the cylinder detected
a low-pressure value, after which this emergency
situation is triggered.
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4) Low battery level - if during operation of the
device it receives a value corresponding to a low
charge value, the device goes into this emergency
situation. First there will be a warning, which will
be repeated after ten minutes, then after two min-
utes the device will turn off.

5) Equipment malfunction when the device is
turned on, if the device registers a malfunction of
the pressure and air flow sensors.

After the device is turned on, and choosing the
language, the operator can choose from the main
menu the following settings: mode, pressure in the
respiratory circuit, inhale-exhale ratio, type of dis-
played curve, volume per minute, and frequency.
All parameters, except for mode and graphic, can
be changed during the operation of the ventilation
mode. The developed algorithms are shown on
Fig. 14. In IPPV mode and all other modes the res-
piration parameters are calculated based on the val-
ues set by the operator in the main menu. The flow
is calculated based on the pressure difference, using
approximation, the level of pulse-width modulation
PWM is selected. The calculated voltage level is
applied to the inspiratory valve, after which the gas
mixture immediately begins to flow. Emergency
situations are handled such as low pressure in the
balloon, maximum pressure level in the respiratory
circuit is exceeded, and the respiratory circuit is
disconnected. During the supply of the gas mixture,
the device, using the airflow sensor, detects the
presence of atmospheric air leakage. In case of
leakage, the calculated data are corrected so as not
to exceed the specified volumes. The selected
graphic is displayed in real time, as well as the cur-
rent pressure in the respiratory circuit. After apply-
ing the target minute volume or the end of the in-
spiration time, the device switches to the exhale
mode. The exhalation valve opens, and the inspira-
tory valve delivers extremely low flow values to
maintain PEEP. If the operator has chosen to exit
the mode, the screen returns to the main menu, oth-
erwise the next breath occurs. In the PSV mode,
using vacuum sensor, expects a patient attempt of
inhale. To protect against apnea, an algorithm was
made that delivers air mixture every 9 seconds if no
patient attempts have been detected. After the pa-
tient reaches a predetermined pressure level, the
device switches the mode to exhalation. The exha-
lation valve opens and the inspiratory valve closes.
In the SIMV mode the exhalation valve opens and
the inspiratory valve turns off. At this time, a wait-
ing window opens to try to allow the patient to in-
hale spontaneously. If there was no spontaneous

inhalation, a new forced ventilation cycle begins.
Otherwise it goes into spontaneous ventilation
mode similar to PSV. If the operator has chosen to
exit the mode, the screen returns to the main menu,
otherwise the next breath takes place via SIMV, if
there is no respiratory activity or if there is PSV
activity. After selecting the Resuscitation mode us-
ing voice prompts and a metronome, 30 compres-
sions are performed, after which the device
switches to inhale, exhale, inhale. During the sup-
ply of the air mixture, emergency situations are also
handled. If the operator selects exit, the screen re-
turns to the main menu, otherwise the next com-
pression cycle occurs. In the manual mode the
mode ends when the operator releases the manual
mode key. As a warning in all emergency events,
a voice message is displayed, an audible alarm is
also output, and using the LEDs and display, an
error is reported to the operator. When stenosis or
exceeding a predetermined pressure level occurs,
the device receives the current pressure value, if the
pressure is exceeded, the exhalation valve opens,
and the inspiratory valve closes. When disconnec-
tion of the respiratory happens, the device receives
the current pressure value, checks how long the low
pressure in the breathing circuit lasts. In case of
emergency, the inspiratory valve closes. When low
battery, the device receives data from a digital-to-
analog converter DAC. Compares values if the
charge level is low the used warnings are triggered.
If the power was not connected, the device will
automatically turn off after 2 min. When low cylin-
der pressure, the device receives the current pres-
sure value from the sensor in the oxygen cylinder.
If the pressure is below 2.7 bar, an emergency oc-
curs, the inspiratory valve closes. For reverse cur-
rent, the calculation is based on the pressure differ-
ence. Then, the calculation is made using the ap-
proximation formula for flow and resistance. The
device receives data from the ADC. Calculates cur-
rent resistance and approximation. There is a calcu-
lation of volts and calculation of the final value of
the PWM resistance. For receiving data from sen-
sors, pressure sensors communicate via the SPI and
receive data by sending ones and zeros to the chip
select pin. The airflow sensor sends data to the
ADC. When processing the matrix keyboard, low-
level is sent to start polling the keys, using a timer.
If the key is pressed for more than 100 ms, it is re-
garded as key pressing. Using the SPI, the device
communicates with flash memory, reads the data.
Through a configured DAC and DMA, voice mes-
sages and voice signals are played.
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General algorithm

1. Turning on the device

2. Menu program execution

3. Selected mode program execution
4. Turning off the device

IPPV Mode

. Respiration parameters calculation

. Calculation of required gas flow

. Supplying gas mixture

. Emergency handling

. Checking for gas mixture suction

. Displaying data on the screen

. Switch to exhale

. If (inhale_attempt=spontaneous) = YES go to 1

001N A WN—

(mode_exit=YES) exit SIMV mode
9. Otherwise go to 1

. Otherwise if ((inhale attempt=spontaneous) = No) &

PSV Mode

1. Respiration parameters calculation
2. Waiting for patient inhale trial

3. Calculation of required gas flow
4. Supplying gas mixture

5. Emergency handling

6. Checking for gas mixture suction
7. Displaying data on the screen

8. Switch to exhale

9. If exit_current_ mode = NO go to step 1
10. Otherwise if YES end PSV mode

SIMYV mode Resuscitation mode

1. Calculation of the required gas flow 1. Respiration parameters calculation
2. Supply gas mixture 2. Compression start

3. Emergency handling 3. Emergency handling

4. Checking for gas mixture suction 4. Inhale

5. Displaying data on the screen

6. Switching to exhalation

7. If (inhale_attempt=spontaneous) = YES go to 1

8. Otherwise if ((inhale_ attempt=spontaneous) = No) &

(mode_exit=YES) exit SIMV mode
9. Otherwise go to 1

Manual mode

1. Respiration parameters calculation

2. Emergency handling

3. Supplying continuous gas flow

4. If exit_current_mode = NO go to step 1
5. Otherwise if YES end manual mode

Handling stenosis emergency

1.
2.
3.
4.
5.
6.
7.
8.
9.

Getting the current pressure level
Checking if current pressure is exceeded
If pressure_exceeded = NO go to 9
Otherwise if YES close inhalation valve
Open the exhalation valve

Output voice message

Display graphical message

LED signaling

End emergency handling

Handling detachment emergency
1. Get current pressure level
2. If (pressure < 1 mbar) =NO go to 9
3. Otherwise if YES and
(Counter = 10 sec) = NO go to 2
4. Otherwise if (counter = 10 sec) = YES
Close the inhalation valve
. Open the exhalation valve
. Output voice message
. Display picture message
. LED signaling
. End of emergency handling

O 00 3 O\ W

Handling low battery emergency
1. Receiving data from ADC
2. Data conversion
3. If (charge_level =low) =NO
Display current level & go to 1
4. Otherwise If YES
Output voice message
5. Display graphical message
6. LED signaling

Emergency treatment start low cylinder pressure
1. Receive data from pressure sensor
2. If (pressure=low) = NO go to 1
3. Otherwise if YES
Open exhalation valve
4. Close inhalation valve
5. Output voice message
6. Display graphical message
7. LED signaling
8. End of alarm handling

Reverse current correction

. Pressure difference calculation
. Using approximation formula
. Receiving data from ADC

. Resistance calculation

Calculation of approximation by current

. Calculation of voltage
. Calculation of final PWM percentage
. End of Algorithm

Fig. 14 (to be continued). The developed algorithms
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Receiving data from sensors

1. Send low level feed on chip select line
2. Data acquisition

3. Waiting for transmission

4. Send high level on chip select

5. Process the received data

6. Deliver data to the required mode

7. End of algorithm

Sound playback

1. Send low level on chip select line
2. Send message to read flash memory
3. Receiving data

4. Send high level on chip select

5. ADC setup

6. Data matrix playback via DMA

7. End of Algorithm

Keyboard matrix processing

1. Turning on the timer

2. Send low level on keyboard polling line

3. Waiting to get high level on the pin

4. If Button_pressed = NO go to 8

5. Otherwise if YES & if (Button_pressed_time >
100 ms) =NO go to 8

6. Otherwise if ((Button_pressed time > 100 ms) =
YES) then process the push

7. End of Algorithm

Display

. Send command to display

. Transferring data to the display

. Setting the cursor

. Setting display orientation

. Setting display color

. Performing the required function
. End of Algorithm

NN AW =

Fig. 14 (continued). The developed algorithms

CONCLUSION

Various literature about theory of artificial ven-
tilation of the lungs, their features and normal func-
tion was studied, and lung ventilation algorithms
such as PSV, SIMV, IPPV, resuscitation, were
studied and implemented. Mathematical and physi-
cal aspects of artificial ventilation of the lungs were
also analyzed. Functional schemes were con-
structed for further programming of the ventilator
for dealing effectively with the problem. Programs
that conform to all the tasks were written. The con-
stant needs for effective life support with minimal
risk and optimized comfort are and will be the main
tasks of mechanical ventilation. The optimal venti-
lation strategy is an adaptive process aimed at treat-
ing an acute condition and either supporting gradual
excommunication from the ventilator or adapting to
the natural breaks of chronic diseases. Such an ad-
justment can improve results and comfort, reduce
side effects and avoid prolonged ventilation with
associated risks and costs. To achieve these goals,
the development of our understanding in the field
of pathophysiology, medicine and engineering
should be combined with an interdisciplinary ap-
proach to completely solve the complex problem of
artificial ventilation to further improve patient care.
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Pa3pa6oTka anropuTMOB M MPOrPaMMBbI /ISl ANNAPATA UCKYCCTBEHHON BEeHTHIISIIMH JIETKUX

U. U. Apmamonog, UxI'TY umenu M .T. Kanamnukosa, Mxesck, Poccus
M. A. Ano Axxao, UxxI'TY umenu M .T. Kanamnrkosa, Mxesck, Poccust

Onucanvl aneopummsl u nPOSPAMMbL sl ANNAPAMA UCKYCCMEEHHOU GeHMUNAYUU TIeeKUX, KOmopble obecneyusa-
1om pasiuuHslie pesxcumvl pabomwl annapama. Paboma sensemcsa axmyanvHou 6 ycaosuax nauwdemuu COVID-19
8 CB513U C BO3POCUUUM CHPOCOM HA OAHHble YCMPOUCMEA.

Llenv uccnedosanus — paspabomxa npocpamMmMHO20 Komniekca 0as muxpoxoumpoanepa STM32L151ZDTx-
LQOFP144, ucnonvsyemoeo na nepenocnom annapame MBJI Axion A-IVL-E-03 u obecneuusaroweco pabomy 6 paziuy-
HbIX PeNCUMAX BEHMUNAYUL, epaduyeckoe omobpadicenue OUHAMUKY ObIXAHUSL HA OUCHIIee U NOOawy onepamopy 2010-
COBbIX NOOCKA30K U CBEMOBbIX CUSHANIO8 60 8pemMsi pabombl. Paspabomannvie anrcopummbl maxdice npeoHa3sHaAueHbl
071 Ynpaeienus nepuheputinbimu yCmpoucmeamy U KOHmMpOs NPAGUTbHOCIU UX pabombl, paspeuerus: agaputinblx
cumyayuii ¢ noMowbl0 OUCHIEs, 2010CO8bIX NOOCKA30K U c8emoeoli unoukayuu. Kpome mozo, 6 xavecmee uncmpy-
MeHma, KOmopblil NO3605EN 8PAYY NOHAMb BANCHOE 63AUMOOCUCIEUE MeNCOY XOOHBIMU NAPAMEMPAMU NAYUEHMA
(vacmoma, dasieHue 8 ObIXAMENbHbIX NYMAX U CMEeNneHb 800Xa) U KIUHUYECKU BANCHLIMU NAPpAMempamu (Ovixameib-
Hblll 00beM, CpeOHUll 00beM MUHYMHOU 8eHMUIAYUL), NPEOIONCeHbl MAMEeMAMUYecKue Mooeiu 8eHMUIAYUY 1eSKUX
¢ KOHmponupyemvim oagienuem. Peanuzayus 0annvix mamemamuueckux mooenetl NOKA3aiad ux npuUMeHUMOCms Oist
CUMYTAYUU OAHHBIX CILOACHBIX npoyeccos. Paspaboman yoooublil u unmyumueHo nOHAMHbGIU epaduiecKull noIb306a-
menbckull unmepgeiic.

B cmamve maxoice npueooumcsi cpagnenue Cyuecmayioumux aHaio208 ¢ npeoioNCeHHbIMU pa3spabomKamu.

KuroueBbie c10Ba: MUKPOKOHTPOJLIEPHI, UCKYCCTBEHHAS BEHTUIISILUSA JIETKUX, MaTEMaTHUECKOE MOAEINPOBAHUE,
MPOTrpaMMHBIE CPE/ICTBA, CUCTEMbI 0a3 HaHHBIX, YIPABJICHHE 3HAHUSAMH, ONEPAIIMOHHBIE CHCTEMBI, PACIpPEIeICHHAS

00paboTKa JaHHBIX.
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