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Abstract: COVID-19 was first identified in December 2019 in Wuhan, China. It mainly affects the
respiratory system and can lead to the death of the patient. The motivation for this study was the
current pandemic situation and general deficiency of emergency mechanical ventilators. The paper
presents the development of a mechanical ventilator and its control algorithm. The main feature of
the developed mechanical ventilator is AmbuBag compressed by a pneumatic actuator. The control
algorithm is based on an adaptive neuro-fuzzy inference system (ANFIS), which integrates both
neural networks and fuzzy logic principles. Mechanical design and hardware design are presented
in the paper. Subsequently, there is a description of the process of data collecting and training of
the fuzzy controller. The paper also presents a simulation model for verification of the designed
control approach. The experimental results provide the verification of the designed control system.
The novelty of the paper is, on the one hand, an implementation of the ANFIS controller for AmbuBag
pressure control, with a description of training process. On other hand, the paper presents a novel
design of a mechanical ventilator, with a detailed description of the hardware and control system.
The last contribution of the paper lies in the mathematical and experimental description of AmbuBag
for ventilation purposes.

Keywords: AmbuBag; ANFIS; artificial lung ventilation; coronavirus; COVID-19; neuro-fuzzy;
pneumatic actuator

1. Introduction

COVID-19 (Coronavirus disease 2019), caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), has become a global world pandemic with an exponential
growth rate. The virus commonly manifests with few symptoms but can also lead to a
rapidly progressive fatal pneumonia [1]. According to the World Health Organization
(WHO) [2], up to now (January 2021), COVID-19 has reached 2.16% mortality from all
infected subjects. COVID-19 is one of the most contagious viruses that mankind has
experienced, spreading across most of China in only 14 days [3], and then worldwide
within a couple of months [4]. The ventilation systems are frequently the main reason
critically ill patients require transfer to the critical care units [5].

In general, the process of mechanical ventilation controls the flow, volume, and pres-
sure of air and gases to a patient’s lung [6]. An artificial lung ventilation (ALV) represents
the way of respiration. The respiration device provides flow of a gas through a respiration
system. ALV is either used for short-term or long-term support for patients with serious
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damage of their respiration system. From the clinical point of view, ALV comes with
potential risks and complications, which need to be known in order to get suitable clinical
results [7].

A study from 2013 declared that it is estimated that ALV is required by roughly
1.5 million patients in the United States every year [8]. According to References [9,10],
the mortality of patients undergoing ventilation during critical disease is 31-37%. The deci-
sion to use ALV is based on several factors and should be carefully evaluated. The rough
factors are evaluation of parameters of oxygenation, ventilation, lung mechanics, and con-
dition of the infected person. However, evaluation of past condition as well as supposed
progress of patient’s condition are very significant. This concept seems to be more suit-
able rather than only evaluation of boundary values of concrete indicators. Each patient
is unique, and their condition can be specific, and therefore, ALV should be optimized
according to the patient’s lung mechanics [7].

Since the situation with COVID-19 has grown to a global scale, our research team from
Cognitics Lab (Kosice, Slovakia) has focused on the development of a robust, portable,
and stable alternative solution, resulting in an emergency mechanical ventilator. The paper
is organized as follows. First, previous solutions of AmbuBag-based mechanical ventilators
are introduced. The next section deals with the design of the mechanical ventilator from the
view of mechanics and hardware. We present necessary requirements for the mechanical
ventilator. Subsequently, the control system based on an adaptive neuro-fuzzy inference
system is designed. The processes of collecting of training data and the training process
itself are shown. The developed fuzzy controller is verified by simulations and experiments
with the mechanical ventilator. Finally, the results are discussed.

2. Related Works

As mentioned above, this work is focused on a simple and low-cost mechanical venti-
lator, which has potential to be produced quickly and in large quantities. The importance
of this mechanical ventilator occurs in very critical pandemic situations, where the number
of critical patients exceeds the number of available high-level ventilators in the hospitals.

This section describes related works with a focus on low-cost ventilators. In Ref-
erence [11], the authors developed a microcontroller-based mechanical ventilator with
the AmbuBag mechanism. The AmbuBag is pressed by the arm based on the camshaft
(CAM) principle. The system is able to work in several modes, such as child mode, pe-
diatric mode, and adult mode. The experimental results show the time course of tidal
volume. In Reference [12], the authors deal with a low-cost, open-source mechanical
ventilator. The work was initiated by the worldwide shortage of mechanical ventilators
for treating patients with COVID-19. The system uses AmbuBag, which is pressed by a
Raspberry Pi-controlled mechanism. The ventilator uses a pressure sensor, which is able
to measure maximum pressure up to 70 cmH;O. Another low-cost portable mechanical
ventilator based on compressing of AmbuBag with a pivoting CAM arm is described in
Reference [13]. The ventilator is controlled by Arduino. The prototype had user-controlled
breath rate and tidal volume. It features assist control and an over-pressure alarm. The next
work dealing with a simple ventilator is Reference [14]. The experimental results were
consistent with clinical requirements from the view of achieved volume and pressure.
The authors discussed challenges for the future work of their ventilator such as reliability
of the mechanisms and software, mass production with appropriate standards, and reg-
ulatory approval or exemption. In Reference [15], the authors developed a simple and
easy-to-build portable automated AmbuBag compression system which can serve as an
emergency ventilator. The system is controlled by Arduino. The device provides a con-
trolled breathing mode with tidal volumes from 100 to 800 mL, breathing rates from 5 to
40 breaths/minute, and inspiratory-to-expiratory ratio from 1:1 to 1:4. The experimental
results showed repeatability and accuracy exceeding human capabilities in AmbuBag-
based manual ventilation. In Reference [16], a ventilator was designed, where AmbuBag is
compressed by two paddles actuated by an electric motor. In Reference [17], a mechanical
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ventilator is presented which was authorized by the Spanish Agency for Medicines and
Health Products (AEMPS), under the Ministry of Health, Consumption, and Social Welfare.
The ventilator is electronically controlled for pressure-controlled ventilation.

Based on the above-mentioned works as well as on other AmbuBag-based ventilators,
it can be declared that most of them use electromechanical actuators to compress AmbuBag.
Our solution is based on a pneumatic system which compresses AmbuBag, since the
supplies of compressed air are commonly part of the hospital rooms. The advantage
of the pneumatic actuator is also seen in its linear speed. In the case of an absence of
compressed air supply, the system can use a mobile air compressor. By analyzing previous
works, it can be seen that most of them do not offer insight into their control algorithm.
It is also important to investigate the characteristics of AmbuBag, as according to our
best knowledge, this has not yet been mathematically and experimentally analyzed in
previous works. Due to the pandemic situations related to COVID-19, and by summarizing
the mentioned facts, on the one hand, the motivation to develop our own mechanical
ventilator arose, which would be simple, robust, portable, quickly reproducible, IoT-based,
and usable in hospitals, field hospitals, and households. On the other hand, our motivation
is to provide insight into the control algorithm for other open-source medical projects,
which could help in the current pandemic situation.

The novelty and the main contributions of the paper are the development of an
AmbuBag-based mechanical ventilator with a novel concept, mathematical description,
and experimental analysis of AmbuBag, and the development of an adaptive neuro-fuzzy
control system to control the pressure.

3. Design of the Mechanical Ventilator

This section provides the requirements of the mechanical ventilator. Subsequently,
the mechanical design of the ventilator, which is based on proportional pneumatic control,
is introduced. The section also introduces a detailed hardware design of low-level control
and information flow of the control system as well.

3.1. Requirements of the Mechanical Ventilator

From the moment COVID-19 officially appeared in Central Europe (February 2020),
our research team from Cognitics Lab started work on our own low-cost mechanical
ventilator. The requirements for the ventilator BreaThU can be divided into two groups:
the first group concerns the ventilation and control, and the second group concerns the
mechanical design.

According to a specification of minimally clinically acceptable ventilators to be used
in UK hospitals during the current COVID-19 pandemic, caused by SARS-CoV-2 virus [18],
the requirements of our mechanical ventilator from the view of ventilation and control are:

Possibility of pressure control ventilation (PCV).

Peak pressure should be no more than 2 cmH,O greater than plateau pressure.
PEEP (Positive end-expiratory pressure) must be maintained during expiration.

For the ratio of inspiration phase/expiration phase, the ventilator must provide a ratio
in the range 1:1-1:3.

The ventilator must provide a range of 10-30 breaths per minute.

The volume of gas flowing into the lungs during one inspiratory cycle must be at least
400 mL.

The requirements of the mechanical ventilator from the view of mechanical design are:

e Portability—A mechanical design should offer an option to use a mechanical venti-
lator in hospitals or in households. Hence, the portability is an important property.
A ventilator should be easily displaced from one to the next required place. In the case
of need, the developed ventilator should also have the potential to be used in outdoor
applications. For this reason, the ventilator BreaThU can be used as a version with
wheels as well as without wheels, with consideration of manual transmission.
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e  Simplicity—Considering today’s situation, the simplicity of the ventilator is one of
the key elements. The ventilator consists of components which can be very easily
replaceable. Some of the used components are printed by a three-dimensional (3D)
printer and some of them are conventional industrial components which are commer-
cially available. The simplicity of the ventilator ensures fast production of many other
ventilators for the cases of unmanageable pandemic situations, when there may be a
shortage of professional ventilators in the hospitals.

e  Fast reproducibility—Since one of the main aims of the ventilator BreaThU is utiliza-
tion in very critical situations, the ventilator was designed to be quickly reproducible.
For this reason, a mechanical and electrical design was adapted for this point.

e  Robustness—Mechanical robustness of the ventilator is an important point especially
for outdoor applications, such as field hospitals.

e Hospital, field hospitals and household utilization—As well as hospital utilization
of the ventilator BreaThU, it also has potential to be applied in field hospitals and in
households, especially for seniors.

e  JoT—The next important requirement for the ventilator was internet access ability.
In this way, the data collected during the ventilation process can be collected and
saved to a database. Subsequently, necessary statistics and analyses of the ventilation
process of patients can be performed. There is also the possibility to set required
ventilation parameters remotely.

The aim of this study was to develop universal a emergency mechanical ventilator,
BreaThU, suitable for various environments, such as hospitals, field hospitals, households
or retirement homes, see Figure 1. The ventilator BreaThU is adjusted to this requirement
and it has been developed in two versions, one with wheels on a stand and the other
without wheels for manual transmission.

Utilization of Emergency
Mechanical Ventilator BreaThU

BreaThU with
wheels

. BreaThU without wheels

Hospitals G —

Retirement
Homes

Field Hospitals

Figure 1. Utilization of the emergency mechanical ventilator BreaThU.

3.2. Mechanical Design

The mechanism of AmbuBag compression is based on a proportional pneumatic
system. Many hospitals in our country (Slovakia) have compressed air supply (0.5 MPa)
within their buildings. For this reason, this system works based on a pneumatic-based
mechanism. The main parts of the ventilator BreaThU are frame, air compressor, Am-
buBag, sensors, cover box and PLC (Programmable logic controller) with touch screen,
see Figure 2. The frame consists of Bosch Rexroth aluminum profiles which are suitable
for fast assembling of constructions. They are standardly used in industry as a part of
production lines. An air compressor serves as the energy supply for the pneumatic system.
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PLC with HMI touch screen

Cover box

AmbuBag

Test lung

Sensors interface

Frame

Compressor

Figure 2. Mechanical ventilator BreaThU.

As has been mentioned, the system uses AmbuBag, which is compressed by a double-
acting pneumatic actuator. For the experimental verification of ventilator functions and
suitability, the test lung has been used. As can be seen in Figure 2, there is the sensors
interface between the test lung and inlet hose. This interface contains two sensors of
pressure and two sensors of air flow. An operator can set necessary parameters through a
touch screen. The operator is also able to check the measured parameters of ventilation
such as pressure, air flow, tidal volume, etc.

The pneumatic system works via the following pneumatic scheme, shown in Figure 3.
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Figure 3. Pneumatic scheme of mechanical ventilator BreaThU.

Individual points of the scheme represent the following components: FR.1—manual
pressure regulator, EP.1—E/P regulator (pressure control), EP.2—E/P regulator (air flow
control), TH.1.1 and TH.1.2—silencers, V.1—5/3 pneumatic valve, R.1.1 and R.1.2—throttle
valve, P.1—double-acting pneumatic linear actuator, and SP1, SP2 and SP3—end sensors.
All pipelines in the designed pneumatic system are made from polyurethane. Connec-
tion pipelines between individual pneumatic components are as follows: Pipeline between
compressor and FR.1 has length 2.1 m with inner diameter 4 mm, pipeline between EP.1
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and EP.2 has length 0.65 m with inner diameter 4 mm, pipeline between EP.2 and V.1 has
length 0.38 m with inner diameter 4 mm and pipelines between V.1 and P.1 have length
0.42 m with inner diameter 2 mm.

3.3. Hardware Design

The control system of the mechanical ventilator BreaThU works on two levels. The first
one is low-level and the second is high-level. The low-level control system is based on
the microcontroller Atmel ATxmegal6E5, which communicates with pressure and flow
sensors [19]. The ventilator uses the pressure sensor SSCDLNN040MGSAS5, which has SPI
output, and the air flow sensor SFM3300-250, communicating with the microcontroller
through I>C. ATxmegal6E5 works on frequency 32 MHz. The microcontroller processes
data from sensors and transmits them with frequency 500 Hz through RS-485 to PLC.
The high-level control system works on PLC B&R 4PPC70.0702-20W. The PLC receives
the data from the microcontroller, and by using the fuzzy control algorithm, it controls
the pneumatic cylinder, which compresses AmbuBag. The aim of the designed algorithm
is positioning of the pneumatic cylinder in order to achieve the desired pressure or tidal
volume [20,21]. The system works with constant supply pressure with a value of 0.45 MPa,
which is achieved by the electro-pneumatic regulator SMC ITV1050-31F2N, EP.1 from
Figure 3. The air flow, which flows to the pneumatic actuator, is controlled by the electro-
pneumatic regulator ITV3050-03F4BN2-X15, EP.2 from Figure 3. The concept of the whole
system is shown in Figure 4. The data signals are denoted by black color. There is also
the possibility to connect PLC to the internet and send the data from the ventilator to a
database. Subsequently, these data can be monitored or processed by the user through
PC, tablet, mobile phone, etc. HMI (human—-machine interface) offers a clear and simple
environment, which ensures comfortable service. An operator has several options of how
to adjust the ventilation process. At first, it is possible to set a pressure of inspiration
and expiration in cmH,O units. The next important parameter is time of inspiration and
expiration phase. A real-time course of individual parameters may be watched on the HML
The electrical scheme of low-level control is shown in Figure 5.
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Figure 4. Control system of the mechanical ventilator BreaThU.
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Figure 5. Electrical scheme of developed hardware.

3.4. Control Modes of the Ventilator

The ventilator BreaThU is able to work in two modes. The first mode works on the
basis of reference pressure tracking (RPT). RPT mode can be divided into two or four
phases. During the first phase, the pressure increases up to the value of reference pressure.
After achieving the required value of pressure, the pressure is maintained at this value to
the end of inspiration time. Subsequently, the pressure decreases to the PEEP value and
then the pressure is maintained at this value to the end of expiration time. Then, it follows
the next cycle of breathing.

The second mode is adaptable breathing mode (ABM). ABM serves only as support
for patients without difficult disease state without pulmonary pathology. ABM is based
on an air flow sensor. When a patient starts breathing, the sensor measures a positive
flow, and the ventilator starts providing tidal volume to the patient. When a patient starts
to exhale, the air flow sensor measures negative flow, and the ventilator is not active.
The sensitivity of the ventilator, which is the reaction on positive measured flow, can be
set by the operator. Both modes will be experimentally verified within the experimental
section of this paper.

4. Design of Control System

The previous section introduced the control modes of the ventilator. This section pro-
vides the background of the designed control system for RPT ventilation mode. The main
limitation of the investigated system, from the view of control, is utilization of AmbuBag
as a source of pressure/tidal volume. The problem formulation and control system design
will be discussed in the following sections.

4.1. Problem Formulation

Considering RPT ventilation mode, the aim of the developed control system is to
control required pressure in patients’ lungs using AmbuBag, which is compressed by a
pneumatic actuator. In other words, it is necessary to control air flow to a pneumatic
actuator by which is AmbuBag compressed. The main problem is to obtain the required
pressure of AmbuBag for the required time, since the character of AmbuBag is not very
suitable for control purposes. By gradual compressing of AmbuBag, the output pressure
also increases. However, after very subtle release of AmbuBag, the pressure decreases
rapidly, see Figure 6. The compression of AmbuBag causes the gradually increasing
pressure, up to roughly 30 cmH,O. However, by very little release of AmbuBag, the piston
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of the actuator was released roughly only 2 mm, and the pressure of AmbuBag decreased
rapidly. The blue line in Figure 6 represents the moment when the piston of the actuator was
released. The pressure decreased from 30 to only 13 cmH,O. Subsequently, the pressure
was only decreasing without any motion of the pneumatic actuator.

T - % . - - s +

- i N n w
o w o (4] o
T

Ambu bag pressure (cmHZO)

o

(=]

L L 1 L

0 1 2 3 4 5 6 7

Time (s)

Figure 6. Rapid decrease of the pressure.

The effect described in Figure 6 causes problems during the control of pressure,
because the pressure can be controlled only from the smaller to the higher value of pressure.
In other words, the pressure has to be a monotonically increasing function during the
inspiration phase. After overshooting the required value of pressure, it cannot be controlled
to a lower value of pressure. The lower value of pressure can again be controlled in the
next phase of breathing, when the pneumatic actuator is fully retracted and subsequently
extended. It means that any oscillating course of pressure is inadmissible. For this reason,
the control algorithm of RPT mode has to be designed with a focus on these issues.

4.2. Adaptive Neuro-Fuzzy Inference System

The control algorithm for the ventilator BreaThU is designed as an adaptive neuro-
fuzzy controller. An adaptive neuro-fuzzy inference system (ANFIS) is a feed-forward
neural network developed by Jang [22] which gives relations between input and output data
to determine an optimal membership function. An artificial neural network and fuzzy logic
model creates ANFIS architecture consisting of five different layers, see Figure 7. In this
study, the architecture of ANFIS is based on the first-order Takagi-Sugeno model [23].
The individual layers of ANFIS have the following meaning.

B |
Layer 1| Layer2) Layer3 [E;em [G;ea

Figure 7. Adaptive neuro-fuzzy inference system (ANFIS) architecture.
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Layer 1: Fuzzification layer. All nodes in layer 1 are adaptive nodes. The outputs of
this layer are the fuzzy membership grades of the inputs, given by:

O =pa,(x1),i=12 (1)

O} = up, ,(x2), i=3,4 ()

where x; and x; are input variables to node i, A; and B; are the linguistic labels associated
with this node and p(x1) and p(x) are membership functions (MFs). There are many MFs
that can be used, such as Gaussian-shaped function, trapezoidal function, gamma function
and others.

Layer 2: In comparison with the previous layer, the nodes in this layer are fixed.
The output of the i-th node can be expressed as:

OF = w; = pa,(x1)-up(x2), i=1,2, ... ®)

where w; represents the firing strength of a rule and O? is output of the layer 2.
Layer 3: Normalized layer. Every node in this layer is considered a fixed node.
The normalized firing strengths are given by:
wi

O} =w= ,i=1,2,... (4)
w1+ wy

where O? is output of layer 3 and @ is normalized firing strength.
Layer 4: Adaptive layer, with output function:

Of =Wifi =wi(pix1 + qixa +1i), i=1,2, ... ®)

where p;, q; and r; are so-called consequent parameters.

Layer 5: Output layer. Every node in this layer is a fixed node. The output of this

layer is:
0f = L anfy = S ©
i wi

Considering all ANFIS layers, one has premise parameters {a;, b;, c;}—parameters
given by MF—and {p;, g;, r;}, labeled as consequent parameters. The aim of the training
algorithm is to tune premise and consequent parameters in order to make the ANFIS
output match the training data [24]. There are several learning techniques which could be
used such as backpropagation [25], computing error signals recursively from the layer 5
output backward to the input nodes (layer 1), or genetic algorithm (GA) [26]. In this study,
a hybrid learning algorithm will be adopted, which is highly efficient in training the ANFIS
system [27].

A hybrid learning algorithm is a combination of the backpropagation gradient descent
method and the least-squares method and is used for training FIS (Fuzzy Inference System)
membership function parameters to emulate a given training dataset. The backpropagation
gradient descent method is used for optimization of the premise parameters described
above. On the other hand, the least-squares method is used for optimization of consequent
parameters. The consequent parameters are used for calculation of ANFIS output. By ap-
plying the hybrid learning algorithm, node outputs go forward until layer 4 and consequent
parameters are determined by the least squares [28]. The output can be expressed as:

w1 wo
= +
f w1 + Zlszl w1 + wy

f2 ()

f=w(p1x1+ q1x2 + 1) +W(p2x1 + gox2 +12) (8)
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4.3. Collecting Data and Training Process

Considering the problem formulation, we have designed the system for RPT mode as
follows. The system will have three inputs, namely control error e(t), speed error de(t) and
reference pressure py,¢(t), and one output, which is air flow, f., to the pneumatic actuator.
The control error and speed error are defined as:

e(t) = Pref — Pact 9)

d<pref - Puct)
I

where p,, is reference pressure and p,t is actual pressure measured by the sensor. Con-
sidering the conventional controlled system, such as DC motor with a focus on angular
velocity control, the inputs for ANFIS should be only control error and speed error [29],
whereas it does not matter in principle if there is a positive or negative control error e(t).
In the case of AmbuBag, the situation is different. Consider Figure 8: when a negative
control error e(t) occurs during the inspiration phase (overshooting of the reference pres-
sure), the air flow to the pneumatic actuator has to be stopped. It should be noted that air
flow has to be stopped earlier than when the negative control error occurs due to transport
delay. On the other hand, when a negative control error occurs during the expiration phase,
the air flow is gradually subtly decreased in order to track the reference pressure signal.
To correctly handle the control error, e(t), there is a need to identify which phase of the
reference pressure is in progress. For this reason, along with control error and speed error,
it is necessary to consider the next control input for the ANFIS training process, which is
reference pressure, pr(t).

de(t) = (10)

Pressure (cmH,

Inspiration | Expiration t(s)

-l
-4

- >

Figure 8. Control error during breathing cycle.

The key element in the training process is obtaining suitable training data for ANFIS.
In this case, it is necessary to collect the set of training data denoted by training matrix
T € R" * ¢, where r represents number of measured data and ¢ is sum of input and output

parameters; in our case, c = 4. We define the training matrix as T = [e, de, p,, fr fctl:| S

R" * ¢, where vector of control error is e = [eq,.. .,er]T € R, vector of speed error is
T

de = [del,...,der]T € R’, vector of reference pressure is Pref = [prefl""/prefr} eR

and vector of control outputis f; = [f1,...,f;]T € R".

The training data, T € R" * ¢, need to be collect by any algorithm. For this purpose,
the algorithm based on the IF-THEN structure for collecting the training matrix, T, has
been designed. The data have been collected for various values of reference pressure, p;.f,
changing from 15 up to 30 cmH,O. The control output, f,;, has been modified during the
collecting process for each reference pressure, so that the measured pressure did not cross
the reference pressure. The aim was to achieve a monotonically increasing time course of
pressure. In other words, it is necessary to avoid overshooting of the reference pressure.
The training process worked according to Algorithm 1.
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Algorithm 1: Data Collecting.

1: Setting of initial parameters of ventilation
2: WHILE (collecting Process is Alive = true)
3: Measuring of control error e(t) and speed error de(t)

4:  IFe(t) € (e, e1)

5: set the output control f,y;
6: ...

7: ELSEIF¢(t) € (en_1,6N)
8: set the output control f.4
9: END_IF

10: IF [max(pgct) > Pref] AND [inspirationPhase = true]
11: decrease u

12: ELSE

13: increase y

14: END_IF

15: fetr = 1 fen

16: END_WHILE
where y is modifiable coefficient {y € R™ |y # 0}. When maximal value of pressure, pact,
measured during one breathing cycle (in the inspiration phase), overshoots the reference
pressure, ppf, the coefficient, y, is manually changed to the lower value. On the other
hand, when maximal measured pressure, p,., during the breathing cycle is lower than the
reference pressure, the coefficient, y, is manually changed to the higher value. This process
is repeated until the reference pressure, p,ct, equals to p,. . Subsequently, the coefficient for
the expiration phase is also modified in the same way. When the time course of the breath-
ing cycle is approximately in accordance with the reference pressure, the measured data
consisting of three input variables and one output variable are collected. With the presented
algorithm, all input—output pairs necessary for the training process were collected.

After the collecting process follows a training process. Measured data, in the form
of training matrix, T € R” * ¢, have been used for training in MATLAB R2019b using the
ANFIS toolbox. There have been several structures of ANFIS designed with changing
amounts of membership functions for individual input variables. There have been only tri-
angular and trapezoidal membership functions considered due to their simplicity. Since the
control system has to be used for real-time application, there have not been any computa-
tionally intensive types of membership functions used. In this paper, ANFIS is based on
a Sugeno-type fuzzy inference system with singleton output membership functions that
are constant.

The parameters of training are as follows: Error tolerance is 0, epochs 4000 and
optimization method is hybrid.

The following Tables 1 and 2 show training errors for individual types of membership
functions and for changing number of membership functions. The results are shown as
percentage error. In Table 1, the numbers of membership functions for control error and
speed error are the same. In Table 2, the number of membership functions for control error
is twice the number of speed error membership functions. Both tables use two membership
functions for reference pressure. Assuming three membership functions (MF) for the
reference pressure, the results were the same.

The comparison of individual results is shown in Figure 9. The meaning of individual
legends from Figure 9 is as follows: Triangular 1—the same number of triangular mem-
bership functions for control error and speed error, Triangular 2—number of triangular
membership functions for control error is twice the number of speed error triangular mem-
bership functions, Trapezoidal 1—the same number of trapezoidal membership functions
for control error and speed error, Trapezoidal 2—the number of trapezoidal membership
functions for control error is twice the number of speed error trapezoidal membership
functions. In the case of an odd number of control error membership functions, the speed
error is rounded up. As can be seen from Figure 9, trapezoidal membership function
provides better results in comparison with triangular membership function. By comparison
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of Trapezoidal 1 and Trapezoidal 2, the results are not dramatically different. For this
reason, the set of Trapezoidal 2 membership functions will be used, since they use a lower
number of speed error membership functions. This solution is more suitable from the view
of real-time application, while there will be a lower number of rules for the fuzzy controller.

Table 1. Results from the training process—set 1.

Control Error Speed Error Reference. Pressure  Triangular Trapezoidal

(Number of MF) (Number of MF) (Number of MF) (%) (%)
2 2 2 3.821 3.813
3 3 2 2.686 1.142
4 4 2 2.257 1.154
5 5 2 1.713 0.992
6 6 2 1.116 0.793
7 7 2 1.658 1.022
8 8 2 0.785 0.772
9 9 2 0.818 0.651
10 10 2 0.813 0.61
11 11 2 1.063 0.82
12 12 2 0.551 0.5
13 13 2 0.957 0.469
14 14 2 0.782 0.962
15 15 2 0.834 1.35

Table 2. Results from the training process—set 2.

Control Error Speed Error Reference Pressure = Triangular Trapezoidal
(Number of MF) (Number of MF) (Number of MF) (%) (%)
2 2 2 3.821 3.813
3 2 2 2.763 2.078
4 2 2 2.459 1.206
5 3 2 1.728 1.17
6 3 2 1.111 1.052
7 4 2 1.713 0.968
8 4 2 0.689 0.861
9 5 2 0.874 0.619
10 5 2 0.825 0.575
11 6 2 1.068 0.564
12 6 2 0.72 0.599
13 7 2 0.975 0.669
14 7 2 0.792 0.444
15 8 2 0.892 0.329

1
— Triangular 1
Triangular 2

Trapezoidal 1
— Trapezoidal 2

2 4 6 8 10 12 14 16
Number of membership functions for control error

Figure 9. The results of the training process for different numbers of membership functions.

Based on the results offered in Tables 1 and 2, an ANFIS structure with 14 membership
functions for control error, 7 membership functions for speed error and 2 membership
functions for reference pressure was chosen. The training process of the ANFIS structure
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14-7-2 is shown in Figure 10. The output is set to be constant. In Figure 11, the process of
training, testing and checking is shown. The influence of individual inputs to final output
can be seen in Figures 12-14. As can be seen, the main contribution to the control output is
the control error and reference pressure. Figure 15 presents the membership functions of
control error, speed error and reference pressure with structure 14-7-2. Figure 15 considers
both the initial membership functions and membership functions after the training process
for all input variables. The trapezoidal membership function is defined in Appendix A.

2.5

0 I . L .
0 100 200 300 400 500 600 700 800 900 1000
Epoch number

Figure 10. Training process.
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Figure 11. Process of training, testing and checking.
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Figure 12. Influence of control error and speed error on final control output.
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Figure 13. Influence of control error and reference pressure on final control output.
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By consideration of structure 14-7-2, one gets 196 rules for the fuzzy controller,
which are based on logical conjunction. The control system of the mechanical ventilator
will use Algorithm 2 with the assumption of fuzzy rules.

The cycle WHILE represents the main loop of the ventilation process. At first, all pre-
vious states of fuzzification are reset. The variable “order” serves for determination of
the constant output value. In this case, there are 196 output values. The fuzzification
means transforming a crisp quantity into a fuzzy quantity, which is based on Figure A1l
and Equation (A1), see Appendix A. The rules of the trained fuzzy controller are processed
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by three nested cycles FOR and structure IF. Variables eMF, seMF and rpMF represent the
results of fuzzification for control error, speed error and reference pressure, respectively.

Algorithm 2: Fuzzy rules.

1: WHILE (ventilationProcess==isAlive)

2: Resetting previous states, order = 0

3 Determination of input variables: e, de, pef
4 Fuzzification

5: FOR er=1:14

6: FOR se=1:7

7 FOR rp=1:2

8 order = order + 1

9: IF e==eMF[er] AND de==seMF[se] AND p,es==rpMF|[rp]
10: output = outputMF[order]

11: END_IF

12: END_FOR

13: END_FOR

14: END_FOR
15: END_WHILE

5. Simulations and Experiments

This section provides simulation and experimental analysis of mechanical ventila-
tion. At first, the mathematical description of AmbuBag volume change depending on
its compression is introduced. Subsequently, the characteristics of AmbuBag are investi-
gated. The pressure of AmbuBag is expressed depending on compressing force acting on
AmbuBag. The output of the training process results in a fuzzy controller which will be
verified by the simulation model as well as by experiments.

5.1. Mathematical Description and Experimental Analysis of AmbuBag

The following section presents the mathematical description and experimental analysis
of AmbuBag. The relation between the changing volume of AmbuBag depending on the
pneumatic actuator piston extension will be shown. Let us consider Figure 16.

. Ambu Bag Simplified model

of Ambu Bag
y ‘ b "-

N

“
Figure 16. Simplified model of AmbuBag. Individual images are as follows. Top left: real AmbuBag

before compression, Bottom left: real AmbuBag after compression. Top right: Simplified model of
AmbuBag before compression, Bottom right: Simplified model of AmbuBag after compression.

1

The presented Ambubag can be divided into three parts: parts I and III can be replaced
by a truncated cone and part II can be replaced by a cylinder. As can be seen from Figure 16,
the deformation of parts I and III seems to be not so obvious, compared to the deformation
of part II. Next, by consideration of the small volume of air in parts I and III, in comparison
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with part II, the deformation of parts I and III is neglected during the compression of
AmbuBag. For this reason, this analysis is based on the idea that during compression of
AmbuBag, mainly the cylindrical part II is deformed.

The following section analyzes how the volume of part II changes depending on its
compression. The compression is expressed by extension of the actuator piston in the
y-axis, see Figure 17.

(b)

Figure 17. Deformation of AmbuBag: (a) Change of AmbuBag shape, (b) auxiliary areas.

Let us consider part I of AmbuBag with perpendicular view in the x-axis direction,
see Figure 17a. The pneumatic actuator compresses AmbuBag and it deforms its shape
approximately, as it is shown in Figure 17a. To compute the volume of part Il after deformation,
let us consider Figure 17b. The deformed area is /S, (green color) and the final area after
deformation can be expressed as:

g — my2 — (”51 - SA) (1)

where Sp represents the area of triangle ASB. The auxiliary calculations are given in
Appendix B. The residual volume of AmbuBag after compression can be expressed as the
sum of all three parts of the simplified model of AmbuBag:

v =y ly 4 1y (12)

where 'V and 'V can be simply calculated as the volume of truncated cones and 'V is

2
y — . % + r%asing + (r — y)rv/1 — 62 (13)

where L is the length of part IT of AmbuBag in the direction of the x-axis and 8 = (r —y) /y.
Equation (13) can be applied for the case when deformation of part II in the y-direction is
lower than the value of radius, r. On the other hand, Equation (13) assumes —6. An ap-
proximated mathematical description of air volume in AmbuBag was also experimentally
verified. The results are shown in Figure 18. Except for mathematical expression of
residual volume of AmbuBag (red color) and experimentally determined residual vol-
ume (black color), there are also curves, which express the residual volume of AmbuBag,
with consideration of deformation of parts I and III. Figure 18 considers 10% (green color),
20% (purple color) and 30% (blue color) deformation of parts I and III of AmbuBag.
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Figure 18. Residual volume in AmbuBag with changing extension of the pneumatic actuator.

Based on this analysis, the residual volume of AmbuBag can be approximately deter-
mined depending on its compressing force, V = f(y).

5.2. Simulation Model

First, the relation between compressing force and the pressure of AmbuBag is intro-
duced. This analysis will then be used for the creation of the simulation model.

From the pneumatic scheme shown in Figure 3, pressure regulator EP.1 follows
constant pressure, within this application set to be 0.45 MPa. Regulator EP.2 controls
an air flow through the pneumatic valve V.1 to a pneumatic actuator P.1. Based on the
magnitude of air flow to the pneumatic actuator, the AmbuBag is compressed and its
pressure increases. The main point now is to determine a relation between controlled air
flow of EP.2 and pressure at the end of the last point of the breathing device, which is entry
into the patient’s mouth.

First of all, from the datasheet of EP.2 (ITV3050-03F4BN2-X15), the relation between
percentage opening of regulator and its output pressure is expressed, see Figure 19. The rela-
tion is derived for our case assuming the maximum input pressure of 0.5 MPa. The relation
between input percentage opening of the air flow regulator and its output pressure can be
expressed by the following equation:

0.5x
PEP2 = 100 (14)

where x represents percentage opening of regulator EP.2. The final point to build the
simulation model is determination of the relation between force compressing AmbuBag
and its output pressure. The relationship is shown in Figure 20.

0.5

o o °
[N} w =

Pressure (MPa)

o
o

0 10 20 30 40 50 60 70 80 90 100
Percentage opening of regulator EP.2 (%)

Figure 19. Relation between opening of regulator EP.2 and output pressure.
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Figure 20. Relation between force compressing AmbuBag and its output pressure.

The blue color denotes experimental data while the red color denotes the fitting curve
to experimental data. The fitting curve can be described by polynomial of the third order,
see Equation (15):

f = 0.2943x% — 3.46x + 18.71x — 2.556 (15)

The coefficient of determination of Equation (15) is R* = 0.9878. The following Figure 21
shows the control scheme of the simulation. The reference pressure varies according to
principles of inspiration and expiration phases described in previous sections of the paper.
Using MATLAB 2019b ANFIS toolbox and training data, the fuzzy controller (FC) was
determined. The result of the training process is the fuzzy controller with three inputs,
namely control error, speed error and reference pressure. The output of the fuzzy controller
is opening of air flow regulator with analog value with consideration of value —2'5 for
a 0% opened regulator and value +2'% for a 100% opened regulator. The output of the
FC is subsequently converted to percentage value. The next block assumes Equation (14)
describing the relation between percentage opening of the regulator and output pressure
of the regulator. The last point of the control scheme is the model of AmbuBag with input
force affecting AmbuBag and output pressure coming to the patient’s lung.

Output of
ANFIS
Training process

Pressure

Fuzz Converter of Air flow - Actuator Pressure -
Y FC output to Actuator Pressure AmbuBag pressure
Controller
% Converter Converter

Figure 21. Simulation model of mechanical ventilation for RPT mode.

The simulation model works with fixed-step time of 0.001 s and simulation lasts 20 s.
The simulations consider the reference pressure of 17, 22, 28 and 31 cmH,O. The PEEP value
is set to be 5 cmH,O for all simulation cases. In Figure 22, the time course reference pressure
and controlled pressure, control error and control output of regulator EP.2 are shown.

As can be seen from Figure 22, the controlled pressure tracks the reference pressure
after two cycles of breathing. The simulated fuzzy controller will be now used for the RPT
mode of the mechanical ventilator.
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Figure 22. Simulation results. Top left: reference pressure 17 cmH;O, inspiration time t; = 0.42 s,
expiration time te = 1.675 s. Top right: reference pressure 22 cmH;0O, inspiration time t; = 0.6 s,
expiration time te = 1.395 s. Bottom left: reference pressure 28 cmH,O, inspiration time t; = 1.215

s, expiration time te = 1.48 s. Bottom right: reference pressure 31 cmH;0O, inspiration time t; = 1's,
expiration time to = 1.495 s.

5.3. Experiments

The aim of this section is experimental verification of the designed control algorithm.
The experiments are focused on two objectives: The first objective of the experiments is to
verify the tracking of a reference pressure according to the positive pressure ventilation prin-
ciples described above. The main aim is to verify the functionality of the designed control
algorithm for RPT mode with the trained fuzzy controller. In other words, the possibility
of reference pressure tracking by AmbuBag in combination with the pneumatic actuator
and proportional pneumatic regulator will be analyzed. This analysis also provides the
view on the suitability of the used approach (ANFIS) for AmbuBag.

The second objective of the experiments is the analysis of ABM mode, as described in
Section 3. During ABM mode, four different kinds of breathing were tested, with different
frequency and depth of breathing. The experiments also consider different sensitivity of
ABM for individual breathing cases. The optional sensitivity of AMB mode ensures in
which moment the ventilator should start to assist the patient. The higher sensitivity means
that the ventilator starts to assist the patient for very low values of measured positive
air flow.

The results of the experiment are shown in Figures 23 and 24. Within the experiments,
the following reference pressures have been used: 17, 20, 25 and 27 cmH;O. For all cases,
PEEP with a value of 5 cmH,O was used. As can be seen in Figure 23, the controlled pres-
sure roughly tracks the reference pressure. There are also peaks of pressure, however they
do not exceed 2-3 cmH,O. There is also time offset of controlled pressure in comparison
with reference pressure, which is caused by the transport delay of the pneumatic system.
The main problem during the experiments was holding the PEEP value of the pressure at 5
cmH,0, which is caused by the characteristics of AmbuBag and also by the non-hermeticity
of the printed sensor interface. This problem occurs mainly in the cases of lower values
of reference pressure during the inspiration phase. However, the developed mechanical
ventilator offered satisfactory results. In RPT mode, it was able to hold the ratio of inspira-
tion/expiration according to the requirements described in Section 3. The ventilator was
also able to deliver the required tidal volume.
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Figure 24. Experimental results of assisted breathing mode (ABM) ventilation.

In Figure 24, the experimental results from assisted breathing mode are shown. In the
figure, input and output measured values are shown. Input pressure and input air flow
are measured before entering the patient’s mouth. On the other hand, output pressure
and output air flow are measured in the second hose, which leads the exhaust to the
surrounding environment. From the results presented in Figure 24, it can be seen that there
is slightly lower output air flow in comparison with input air flow. The reasons for this
are a not quite perfectly printed sensor interface by the 3D printer, and a not perfect seal
of individual interface parts with sensors. However, these issues do not have any serious
impact on the functionality of the mechanical ventilator.



Actuators 2021, 10, 51

21 0f23

6. Conclusions

In this paper, a mechanical ventilator based on AmbuBag and pneumatic systems was
presented. We introduced the requirements of the mechanical ventilator from the view of
ventilation control and also from the view of mechanical design. The main contributions of
the paper are as follows: the new concept of the mechanical ventilator, the development of
a control algorithm, which is based on an adaptive neuro-fuzzy inference system, and the
mathematical description and experimental analysis of AmbuBag. The paper also offered a
detailed description of the simulation model.

The results of experiments offered the following conclusions: The introduced ap-
proach, which is based on the ANFIS controller, provided satisfactory results of the me-
chanical ventilation. The ventilator was able to roughly track the reference pressure.
For this reason, it can be stated that the approach is suitable for use. It is also able to meet
requirements such as the possibility of pressure control ventilation, inspiration/expiration
ratio or delivery of tidal volume. The experimental results showed that the main problem
was in maintaining the PEEP value of pressure, which is caused by the characteristics of
AmbuBag and also by the non-hermeticity of the printed sensor interface. These problems
occurred especially for the cases of low values of reference pressure during the inspiration
phase. The paper also introduced the results from assisted breathing mode ventilation,
which serves as only support for patients without pulmonary pathology.

The mechanical ventilator BreaThU is ready for biological testing. The future work
will be focused on the animal tests. The vital functions of the animal will be monitored
during the ventilation. Consequently, the results will be analyzed, and necessary changes
will be made in order to be used for human patients.
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