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Abstract

:

Mechanical ventilators are vital components of critical care services for patients with severe acute respiratory failure. In particular, pressure- and volume-controlled mechanical ventilation systems are the typical modes used in intensive care units (ICUs) to ventilate patients who cannot breathe adequately on their own. In this paper, a Simulink model is proposed to simulate these two typical modes employed in intensive care lung ventilators. Firstly, these two modes of ventilation are described in detail in the present paper. Secondly, the suggested Simulink model is analysed: it consists of using well-established subroutines already present in Simulink through the Simscape Fluids (gas) library, to simulate all the pneumatic components employed in some commercial ICU ventilators, such as pressure reducing valves, pressure relief valves, check valves, tanks, ON\OFF and proportional directional valves, etc. Finally, the simulation results of both modes in terms of pressure, tidal volume, and inspired/expired flow are compared with the real-life quantitative trends taken from previously recorded real-life experiments in order to validate the Simulink model. The accuracy of the model is high, as the numerical predictions are in good agreement with the real-life data, the percentage error being less than 10% in most comparisons. In this way, the model can easily be used by manufacturers and start-ups in order to produce new mechanical ventilators in the shortest time possible. Moreover, it can also be used by doctors and trainees to evaluate how the mechanical ventilator responds to different patients.
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1. Introduction


The world health crisis due to COVID-19 is unprecedented. Whilst the drive to find a vaccine has produced excellent results, a great number of people are still in intensive care and need specific treatment that is only available in specially equipped hospitals. Mechanical ventilators are often found within medical infrastructures; however, the excessive volume of patients as a result of the pandemic has meant that there simply are not enough of them to cope with the high demand [1,2,3]. Whilst it is clear that the level of hygiene in medical facilitates should be maintained at the highest level, there is also an urgent need to address the issue of air quality and thermal comfort in these establishments. The spread of the disease through the air and rapid transmission makes this an urgent priority.



In this context, a properly designed, installed, and operated building automation and control system is fundamental to attaining an energy efficient operation and optimal indoor conditions, in the structures shown in [4].



The mechanical ventilator is a vital component of critical care services for patients with severe acute respiratory failure as it provides the energy necessary to ensure adequate flow, pressure, and volume of gas in the alveoli during inspiration.



Modern mechanical ventilation exploits the concept of positive pressure ventilation, in which the mechanical ventilator allows the patient to inhale by applying an over atmospheric pressure to the airways of the patient, generating a positive pressure inside them that mechanically produces the current volume [5]. The ventilator can be connected to the patient’s airway through an endotracheal tube (invasive mechanical ventilation) or through a face mask (non-invasive ventilation) [6].



A mechanical ventilator is a sophisticated electronic machine that replaces, either totally or partially, the mechanical functions of the respiratory system when it becomes unable to perform its task because of critical conditions due to illness or surgical procedures [7]. It consists primarily of two blocks. The first is a pneumatic unit, composed of directional valves, check valves, pressure regulators, filters, tanks, pressure transducers, and flow rate sensors, and is connected to the patient’s lungs through a series of tubes. The second is an electronic unit that performs logic operations, and allows the doctor to set the conditions and parameters of the values of interest and that trigger alarms if the patient is in danger [5]. Modern ventilators use closed-loop control to keep the inspiration and expiration pressure, or the inspiration flow, constant in the face of the changing conditions of the patient [7,8]. The control system of the ICU ventilator allows the operators/doctors to set different ventilation modes according to the required parameters, such as, respiratory rate (RR), peak inspiratory flow rate (Ipf), the percentage of inhaled oxygen (FiO2), inspiratory: expiratory ratio (I:E), tidal volume (VT), peak of inspiratory pressure (PIP), and the positive end-expiratory pressure (PEEP) [9,10]. At least three of these parameters have to be set independently in order to achieve the required ventilation mode [11].



The pneumatic schemes of commercially available ventilators for ICUs can present some variations depending on the design adopted by the manufacturer. Most manufacturers have made the pneumatic circuit of their ventilators available as part of their published technical information in response to the emergency caused by the spread of COVID-19. Ventilators for intensive care units include: the Siaretron 4000, produced by Siare Engineering; the Galileo ventilator, produced by Hamilton Medical [12]; the Dräger Infinity V500 intensive care ventilator, produced by Dräger Medical AG & Co [13]; the Aisys CS2, produced by GE Healthcare [14]; the Puritan Bennett 800, produced by Medtronic [15].



In order to address the emergency situation caused by the pandemic, the Medicine and Healthcare products Regulatory Agency (MHRA) in the United Kingdom, and the Food and Drug Administration (FDA) in the US, have recently published guidelines on the technical specifications that ventilators must possess in order to be used in hospitals during the COVID-19 outbreak [16]. An extensive review of the expected parameters, performance, and the mode of operation of mechanical ventilators is provided in [17,18]. To meet this challenge, researchers, engineers, doctors, and scientists from around the world undertook the task of designing easily useable mechanical ventilators, such as in [19,20]. Academic institutions, industries, and several manufacturers, such as GM, Ford, Dyson, Rolls-Royce, and Tesla have made efforts to adapt their manufacturing facilities to create ventilators for the very first time [1]. In addition to this, strategies have been proposed for the sharing of a ventilator between two patients (co-venting) [3]. Moreover, in [21], an overview of the available data regarding the respiratory mechanics and mechanical ventilation settings for patients admitted to ICUs due to COVID-19 is illustrated. In particular, the mode of ventilation used within the first 24 h in ICUs was the “pressure-controlled continuous mandatory ventilation (PC-CMV)” mode for 52%, and the “volume-controlled continuous mandatory ventilation (VC-CMV)” mode for 19% [22]. The values of tidal volume varied from 5.6 to 7.5 mL/kg [23], the plateau pressure (Pplt) ranged from 20.5 to 31 cmH2O [24,25], the PEEP ranged from a minimum of 9 to a maximum of 16.5 cmH2O [23,26], the respiratory rate (RR) ranged from 20 to 33 breaths/min [23,26,27], and the compliance of the respiratory system (CRS) showed wide variations, ranging from 24 to 49 mL/cmH2O [24,25].



Under this scenario, the aim of this paper is to propose an accurate simulation modelling platform and to validate it for the typical modes of ventilation in ICU mechanical ventilators, namely the “volume-controlled continuous mandatory ventilation (VC-CMV)” mode and the “pressure-controlled continuous mandatory ventilation (PC-CMV)” mode. The numerical model, which simulates the interaction between human lungs and mechanical ventilators, could prove to be extremely beneficial to doctors when making vital decisions, as the information can easily be seen on a simple graphical interface.



The concept of computer-aided prototyping of a mechanical system, performed in a simulation environment that permits the modelling of complex scenarios, such as Matlab/Simulink, has been used in a wide spectrum of studies, ranging from the simulation of the dynamic vehicles to exoskeleton design for rehabilitation [28,29,30,31,32,33]. Therefore, by automating the process, it is possible to control both the ventilation modes and the parameters based on the patient’s condition. This has been an area of great scientific interest, especially since the advent of COVID-19.



In [34], Matlab/Simulink and the Simscape libraries were used to create a simulation model in order to study the interaction between human lungs and mechanical ventilators. The model comprised the patient’s lungs, the ventilator device with valves and tubes, as well as a pressure-targeted ventilator controller. The patient’s lungs were simulated as a piston moving inside a cylinder, the lung compliance was simulated as a spring, the airway resistance as a damper, and the inspiratory and expiratory tubes and the trachea as pipes. A closed-loop control was used to control the mechanical ventilation process with a pre-set value of flow supplied to the patient. Thus, the variables were transferred to the embedded software system, where the calculation of ventilatory parameters and variables was obtained.



In [35], both numerical simulations and experimental tests on rats were carried out in order to show the interaction between the ventilator and lung model. Firstly, the lung mechanics and mechanical ventilator were modeled in Matlab/Simulink, and three different lung models were used to represent the rat. Pressure waveforms, using the VC-CMV mode, were calculated for all models for three different airway resistance values using the same lung compliance value. Secondly, a mechanical ventilator prototype was designed and controlled via fuzzy control through the LabVIEW 2010 academic software.



In comparison to the work conducted in [34,35], in which only the VC-CMV mode with a square flow pattern was simulated, in the present work, we show that simulations of different ventilation modes, i.e., the VC-CMV mode and PC-CMV mode, with different flow and pressure patterns, respectively, can be obtained using the proposed numerical codes.



In [3], MathWorks® Simscape foundational blocks were used to create a model in order to evaluate the sharing of a ventilator between two patients (co-venting). However, in contrast to our models, the system connecting the ventilator to the two patients and their lungs was simulated as an electrical circuit. Thus, the tubes were simulated as resistors, the lung and chest wall as a capacitor, the pressure source as a voltage source, a one-way valve as a diode, and an open/close valve as a switch. Furthermore, only the PC-CMV mode with constant square pressure pattern was simulated.



In [36], the electromechanical lung simulator xPULM, a respiratory simulation system presented in [37], was used to test the interaction between a patient and a ventilator. The simulator acted as a ventilated patient and replicated spontaneous sinusoidal breathing, while supported by different modes of assisted ventilation.



In addition, flow simulation produced by two proposed designs of low-cost mechanical ventilators was investigated in [38] during the VC-CMV and PC-CMV modes.



In this work, the Simulink model is composed of blocks from the Simscape Fluids (gas) library [39,40], which allowed us to simulate the pneumatic circuit and all the components of the ventilator. Conversely, the patient’s lungs and the trachea are reproduced in the model by setting the lung compliance and the resistance of the respiratory system, respectively. In this way, the fundamental parameters and variables of the mechanical ventilation can easily be calculated and used by doctors to evaluate how the mechanical ventilator responds to different patients. Furthermore, the model can also be used by start-ups and manufacturers, both to accelerate the production of new mechanical ventilators and to predict their performance.




2. Mechanical Ventilation Modes


A mode of mechanical ventilation may be defined, in general, as a predetermined pattern of patient–ventilator interaction [41]. In respiratory mechanics, it is useful to think of patient–ventilator interactions in terms of a mechanical system consisting firstly of a resistive element (a rigid tube) followed by an elastic element (a balloon), which in turn are connected to a mechanical ventilator (a piston), as shown in Figure 1.



An in-series mechanical arrangement means that at any time (t), the pressure that is applied to the tube inlet (the airway pressure, Pi(t)) is equal to the sum of three pressures, the initial alveolar pressure at the beginning of the inspiration (P0), which can be atmospheric pressure or greater than atmospheric pressure (called positive end-expiratory pressure, PEEP), an elastic pressure (Pel(t)), and a resistive pressure (Pres(t)):


   P i   t  =  P 0  +  P  el    t  +  P  res    t  ,  



(1)







The elastic pressure is the pressure needed to expand the lungs and chest wall, whereas the resistive pressure is that needed to generate a certain gas flow rate within the airways. These two pressures can then be expressed as a function of the parameters of respiratory mechanics, namely the elastance of the respiratory system (ERS) and the airway resistance to flow (Rinsp/exp). Therefore, ERS reflects the elastic characteristics of the respiratory system and is the inverse of the compliance of the respiratory system, CRS = 1/ERS. The inspiratory resistance (Rinsp) describes the opposition to a flow of gas entering the respiratory system during inspiration, and is primarily made up of the resistance of the airways and the endotracheal tube. The expiratory resistance (Rexp) is higher than the inspiratory resistance due to the shape of the airway tree. Therefore, assuming linear system behaviour, as shown in [7], and knowing the parameters of respiratory mechanics, the inlet pressure–time profile can be computed for any piston stroke volume (V) and flow (  V ˙  ) setting:


   P i   t  =  P 0  +   V  t     C  RS     +  R  insp / exp       V ˙    t  ,  



(2)







Let us then move on to the concepts of breath and breath sequence. A breath, which can be mandatory, assisted, or spontaneous, is one cycle of positive flow (inspiration) and negative flow (expiration) defined in terms of the flow–time curve. A mandatory breath is a breath in which the start or end of inspiration (or both) is determined by the ventilator, independent of the patient’s condition. An assisted breath is a breath in which the ventilator does some portion of the work of breathing. A spontaneous breath is a breath in which the patient him/herself initiates and finishes the inspiration, independent of any ventilator settings for inspiratory and expiratory times. Thus, based on these types of breath, we can speak of different types of breath sequence, namely continuous mandatory ventilation (CMV), continuous spontaneous ventilation (CSV), and intermittent mandatory ventilation (IMV). The former is also commonly known as assist control (when the breaths are patient-triggered), and is a breath sequence in which spontaneous breaths are not permitted between mandatory breaths. The second is a breath sequence in which all the breaths are spontaneous. The latter is a breath sequence in which spontaneous breaths are allowed between mandatory breaths [41]. It can therefore be understood that the total airway pressure (Pi(t)) needed to provide a respiratory act is given by the sum of the pressure developed by the respiratory muscles and the pressure developed by the ventilator:


   P i   t  =  P  vent    t  +  P  musc    t  =  P 0  +   V  t     C  RS     +  R  insp / exp       V ˙    t   



(3)







This is called the equation of motion for the respiratory system, and points out the parameters that define the respiratory mechanics (CRS, Rinsp, Rexp), and the variables adjustable by the operator on the machine ( P ,  V ,       V   ˙   ) and that, therefore, represent the control variables. We can then construct a mode of ventilation using these three basic components: (1) the control variable, (2) the breath sequence, and (3) the operational algorithm. The last is the feedback control system used by mechanical ventilators to deliver specific ventilatory patterns. Seven different control types have been evolved to date; the simplest is set-point control, in which the output of the ventilator automatically matches a constant operator pre-set input value [42]. Indeed, modern mechanical ventilators use closed-loop control to maintain consistent pressure and flow waveforms in the face of changing patient/system conditions [7,8]. Therefore, given two possible control variables (volume, pressure) and three breath sequences (CMV, IMV, CSV), there are five possible mechanical ventilation modes (Table 1).



Thus, whereas modern lung ventilators offer different operating modes to be adopted according to the specific needs of the patient, the basic criterion for the choice of ventilation model is based on the patient’s ability to breathe autonomously.



Once the control variable has been established (the main variable that the ventilator control circuit manipulates to cause inspiration), the ventilator needs more information to know how to handle the inspiratory and expiratory phase, as breathing is a periodic event. This is possible through the application of phase variables. These are essential in order to define how the ventilator starts (trigger variable), maintains (limit variable), and ends (cycle variable) the inspiratory phase, and how it behaves during the expiration phase (baseline variable). Thus, a particular variable is measured and used to initiate, maintain, and terminate each phase. In this context, pressure, volume, flow, and time are referred to as phase variables. In fact, depending on how the phase variables are distributed between ventilator and patient, it is possible to distinguish the ventilation mode, as shown in Table 2.



This paper focuses on the controlled mode, for which the mechanical ventilator performs 100% of the respiratory work, as these are the modes used on COVID-19 patients within the first 24 h of ICU stay.



2.1. VC-CMV Mode


In volume-controlled ventilation, the patient receives a pre-set tidal volume (VT) determined by the pre-set inspiratory peak flow rate (Ipf) over a set inspiratory time (Ti).


   V T  =  I  pf        T   i  ,  



(4)







This mode is used when a precise minute ventilation is therapeutically essential to the care of the patient [43]. Minute ventilation is entirely determined by the ventilator settings, as the patient is unable to initiate spontaneous breaths. Therefore, the doctor/clinician selects tidal volume (VT), respiratory rate (RR), and peak inspiratory flow rate (Ipf) (independent variables), in addition to PEEP, FiO2, and pressure airway limit (Paw,limit). Based on these independent variables, the ventilator automatically calculates the dependent variables, namely expiration time (Te), and then inspiration/expiration ratio (I:E) and total time cycle (TCT).


   T e  =   60   RR   −  T i  ,  



(5)






  I : E =    T i     T e    ,  



(6)






  TCT =  T i  +  T e  ,  



(7)







Airway pressures (peak, plateau, and mean) are not directly adjusted, and are dependent on the equation of motion for the respiratory system through the patient variables (CRS, Rinsp, Rexp). The correlation between independent, dependent, and patient variables in VC-CMV mode is shown in Figure 2.



The airway pressure measured during the inspiration pause (absence of flow) is referred to as the plateau pressure (Pplt), and is a measure of the alveolar pressure, as the pressure drop due to airway resistance is zero at zero flow. This is based on the equation of motion for the respiratory system:


   P  plt   =  P 0  +    V T     C  RS     ,  



(8)







On the other hand, the inspiratory resistance (Rinsp), which can be calculated only in VC-CMV mode when the inspiratory flow pattern is constant (square), allows the machine to evaluate the PIP as follows:


  PIP =  P  plt   +      R    insp    I  pf   ,  



(9)







Mean airway pressure, which is defined as the average pressure at the airway opening over a given time interval [44], is generally higher for pressure-controlled modes than volume-controlled modes (at the same tidal volume) due to the differences in the shapes of the airway pressure waveforms. Indeed, it is evaluated as:


       P ¯    aw   = k   PIP − PEEP        T i     T i  +  T e      − PEEP  



(10)




where (k = 1) for rectangular waveform and (0.5 ≤ k ≤ 1) for other waveforms.



Modern ICU ventilators provide graphic displays in two formats: waveforms and loops. Waveform displays show pressure, volume, and flow on the vertical axis, with time on the horizontal axis. Loop displays show one variable plotted against another (flow–volume or pressure–volume). Breaths, during VC-CMV, can be machine-triggered (a) or patient-triggered (b) and the waveform displays are different, as shown in Figure 3.



The area of the pressure curve under the baseline is proportional to the work the patient does on the ventilator, and the area above is the work the ventilator does on the patient.



If PIP is the same or greater than Paw,limit, then the inspiratory flow is stopped, the inspiratory phase ends, and the ventilator emits an alarm. There are several causes of increased PIP, such as a reduction in lung compliance or an increase in airway resistance. Indeed, if Rinsp increases, Pres increases on the same Ipf, and PIP increases; alternatively, if CRS decreases (due to stiff lungs), then Pel increases on the same VT, and PIP increases. In addition to this, during expiration, the increase in resistance (Rexp) causes a drop in peak expiratory flow (Epf) and the expiration is prolonged. On the other hand, during expiration, the decrease in lung compliance generates an increase in peak expiratory flow (Epf). All these effects are shown in Figure 4.



Flow patterns that are typically used in volume-controlled mode are shown in Figure 5.



During constant flow, another important parameter is the stress index. This is determined by the slope change in the airway pressure curve when the volume is controlled by a square flow pattern, and is used to evaluate the elastic properties of the lungs [43]. Ideally, a stress index = 1 means normal filling during lung expansion, indicating that the airway pressure increases linearly during inhalation (compliance is constant throughout inspiration). Alternatively, a stress index > 1 indicates overdistention of the lungs, and, therefore, an increasing amount of pressure is required during inspiration because compliance decreases gradually (concavity of the upward curve). Finally, a stress index < 1 indicates lung recruitment, meaning that less pressure is needed to obtain the current volume during inspiration. This is because the compliance increases gradually (concavity of the downward curve). A conceptional illustration of the dynamic pressure–time curve with different stress indexes is shown in Figure 6.



The most common units of measurement describing flow are litres per minute (L/min) or litres per second (L/s) in pulmonary physiology, whereas the unit relating to pressure is cmH2O [43].




2.2. PC-CMV Mode


Similar to the VC-CMV mode, the PC-CMV mode can be used as a basic mode of ventilatory support. Again, in PC-CMV mode the goal is to maintain an adequate minute ventilation. However, this time the control variable is the airway pressure. Therefore, the doctor/clinician selects airway pressure (Paw), respiratory rate (RR), and inspiration time (Ti) (independent variables), from which the machine calculates expiration time (Te), inspiration/expiration ratio (I:E), and, through the patient variables (CRS, Rinsp), inspiratory peak flow (Ipf) and tidal volume (VT) (dependent variables), as shown in Figure 7.



In PC-CMV mode, inspiratory flow is a consequence of the ventilator’s attempt to maintain a pre-set pressure waveform. The inspiratory flow is generated by the pressure gradient between the set pressure and the alveolar pressure (  ∆ P  ). Its maximum is at the beginning of inspiration when alveolar pressure is equal to PEEP:


  ∆ P =  P  set   −    PEEP  ,  



(11)







This ∆P maximum allows the inspiratory flow to increase rapidly and to reach its peak (Ipf). Subsequently, as alveolar pressure increases gradually during inflation, ∆P decreases and, if the inspiration time (Ti) is long enough, the inspiratory flow exponentially drops to zero. This is due to the alveolar pressure reaching the value of the pressure set, and the pressure gradient becomes null. The dynamics of the drop in flow depend on the inspiratory time constant (τi):


   τ i  =  C  RS        R    insp   ,  



(12)







Therefore, this time Pi(t) in the equation of motion for the respiratory system becomes constant (Pset = PIP). Using this equation, it is possible to evaluate the tidal volume and the inspiratory and expiratory flow, as follows:


   V T  = ∆ P ·  C  RS     1 −  e  −  t   τ i        ,  



(13)






       V ˙   I  =   ∆ P    R  insp        e  −  t   τ i        ,  



(14)






       V ˙   E  =   ∆ P    R  exp        e  −  t   τ e        ,  



(15)




when in the Equations (14) and (15) the time is zero, then     V ˙  I  =  I  p f     and     V ˙  E  =      E  p f    .



Again, breaths can be machine-triggered (a) or patient-triggered (b) in this mode, although the waveform displays are different, as shown Figure 8.



In the PCV mode, the effects of changes in airway resistance and the compliance of respiratory system are very different. Indeed, during inspiration, if Rinsp increases, Ipf decreases, Ti is prolonged, and Pplt decreases. If Rinsp is very high, VT decreases. The changes induced by the rise in Rexp during the expiratory phase of the cycle are identical to those observed in the VC-CMV mode. On the other hand, a decrease in CRS causes the flow to decelerate faster, the inspiratory pause is prolonged, and VT is lowered. This produces faster expiration. All these effects are shown in Figure 9.



Furthermore, in PC-CMV mode, inspiratory pressure pattern can be a square, a ramp, or an exponential rise. With the square pressure pattern, the inspiratory pressure instantly reaches the PIP and the flow is higher. Conversely, the slope of the ramp reduces the peak inspiratory flow (Ipf) and the tidal volume (Vt), and increases the length of inspiratory flow, as shown in Figure 10.



To sum up, the equations relating to the important parameters for the VC-CMV and PC-CMV modes are shown in Table 3.





3. Operating Principles of Mechanical Ventilators for ICUs


A mechanical ventilator for intensive care units is an automatic machine designed to provide all or part of the work the body must perform to move gas into and out of the lungs [11]. Generally, it consists of two blocks:




	
A pneumatic unit (internal circuit), connected to the patient’s lungs through tubes (patient circuit);



	
An electronic unit (microprocessor), which performs the logic operations of the pneumatic unit and measures the quantities of interest, through flow, and pressure sensors, in order to achieve the set conditions. In addition, it provides external alarms.








The key components of this sophisticated electronic machine are shown in Figure 11.



The control and setting system is considered the ventilator’s brain [5]. It consists of a control panel (analogue or digital) and a microprocessor. The doctor/clinician can set the ventilation mode on the control panel, and therefore the independent variables, while also monitoring the evolution of the treatment through the waveforms of flow rate, tidal volume, and pressure. The second unit, the microprocessor, integrates data obtained from the patient with the set parameters on the ventilator. In addition, it interacts with the power, safety, and distribution systems by sending them commands and receiving data. Moreover, it allows the patient’s respiratory cycle to be synchronised with the action of the machine through the opening and closing of the inspiratory and expiratory valves [8].



The power system, the heart of the ventilator [5], prepares the gas to be used for ventilating the patient. Mechanical ventilators are typically powered by electricity or pneumatic energy. Electricity, either from wall outlets (e.g., 100 to 240 AC volts at 50/60 Hz) or from batteries (e.g., 10 to 30 DC volts), is used to drive an electric motor that in turn runs compressors of various types [7]. The energy needed to expand the patient’s lungs can alternatively be supplied by compressed gas from the wall outlets of the hospital (general range 2.5–7 bar). The electric power system has the advantage of being able to be used wherever there is an electrical source; however, as the electric motor consists of bearings and connecting rods in motion, it becomes unreliable if used for a prolonged period of time [11].



The distribution system, which consists of the patient circuit and the inspiratory and expiratory valves, allows the gas received by the power system to be conveyed from/to the patient’s lungs. In addition to this purely mechanical function, it also performs the task of monitoring the development of ventilation by detecting the pressure and flow rate during respiration and reporting this to the control and setting system. Furthermore, after endotracheal intubation, the upper airway loses its capacity to heat and moisture inhaled gas, hence a humidifier is introduced into the distribution system [47].



Finally, the safety system is the part of the ventilator that ensures that there are no risk situations during ventilation for the patient by indicating them to the operator [7].



The pneumatic scheme, at the base of the Simulink code, is similar to that employed by the Galileo [12] and Dräger Infinity V500 [13] intensive care ventilators, and is shown in Figure 12.



The power system is thus made up of:




	
The gas inlet connections (0), which allow the gases (oxygen and air) to enter the ventilator. These will initially follow parallel paths;



	
A filter (1), used to remove impurities from incoming gases;



	
A check valve (2), needed to prevent the gases from returning to the supply line;



	
A pressure reducing valve (3), which allows the gas to decrease its pressure to a value of approximately 510 cmH2O;



	
A pressure sensor (4), used to measure the pressure at this point of the circuit;



	
Two proportional valves, namely an air metering valve (5) and an oxygen metering valve (6), whose opening degrees can be precisely adjusted by acting on control signal(s) sent to the solenoids, allowing the system to obtain the required mixture of gas with the selected percentage of oxygen;



	
A tank (7) with a large volume (approximately 5.8 L), needed for ensuring the mixture of air and oxygen is uniform, as shown in the Galileo model [12], to supply high peak flows when required, and to smooth the pressure variation at this point of the circuit (maintained within the range of 204 to 357 cmH2O).








The safety system is thus made up of:




	
A tank relief valve (8), needed to avoid uncontrolled pressure increases in the tank (7); in particular, when the pressure in the tank reaches a pre-set maximum value, the valve automatically opens and discharges the gas into the room in which the ventilator is located;



	
An oxygen sensor (9), used to control the opening degree of the inlet metering valves (5) and (6), and thus to allow the system to control the oxygen concentration in the tank (7);



	
A pressure relief valve (12), used in order to avoid uncontrolled pressure increases, which could harm the patients’ lungs; in particular, when a pre-set maximum value for pressure is reached (namely, the cracking pressure), this valve automatically opens and discharges the gas into the external environment;



	
A safety valve (13), which allows the patient to breathe in case of standby or malfunctioning of the system; during normal operation of the ventilator, both the valves (12 and 13) remain closed.








The distribution system is thus made up of:




	
An additional filter (10), used to protect the downstream inspiratory valve (11) and the patient against possible contaminating particles carried by the gas;



	
An inspiratory valve (11), which in the modern ventilator is a proportional valve, whose opening degree can be controlled accurately and that allows the system to obtain a precise control of the gas inhaled by the patient; in some models, such as the Galileo model [12], this valve is also equipped with a position sensor coupled with a differential pressure sensor measuring the pressure difference across the orifice of the inspiratory valve in order to calculate the flow of gas;



	
A pressure sensor (14), used to measure the pressure at this point of the circuit;



	
A humidification device and a heat exchanger (15) can optionally be used to control the humidity and temperature of the gas inhaled by the patient;



	
A flow sensor (16), positioned close to the patient’s mouth, in order to measure and monitor the flow of gas inhaled and exhaled by the patient;



	
A pressure sensor (14), used to measure the pressure at this point of the circuit;



	
An optional additional filter (18);



	
An expiratory valve (19), a proportional valve used both to adjust the minimum pressure in the patient circuit and to regulate the flow of expiratory gases from the patient to the external environment;



	
A check valve (20), used to avoid reverse flow in the expiratory circuit.








Components relating to the nebulizer can be added to the above components when it is necessary to administer medicines to the patient in the form of aerosols. The operation of the nebulizer controls the opening of the ON/OFF directional valve (21) and the compression of the gas taken from the tank through a mini-compressor (22) until the gas reaches approximately 918 cmH2O. Finally, the gas enters a nebulizer vessel (23) to mix with the medicine to be supplied to the patient.



In order to tackle the COVID-19 pandemic, the MHRA has recently established some guidelines concerning the operating parameters of the ventilator that must be achieved [16]. These include:




	
Plateau pressure (Pplt) should be adjusted to achieve volume and must be limited to 35 cmH2O by default;



	
If VC-CMV is used, the operator/clinician must be able to set the inspiratory airway pressure limit in the range of at least 15–40 cmH2O in at least 5 cmH2O increments;



	
The mechanical failsafe valve (see pressure relief valve (12)) must open itself at 80 cmH2O;



	
Peak pressure (PIP) should be no more than 2 cmH2O greater than plateau pressure;



	
The patient breathing system must remain pressurised to at least the PEEP level setting at all times;



	
The positive end-expiratory pressure (PEEP) must be greater than 5 cmH2O, adjustable in at least 5 cmH2O increments.









4. Simulation Code VC-CMV Mode


A simulation code, reproducing the pneumatic scheme of Figure 11, has been produced in Simulink, software developed by MathWorks® based in Natick, MA, USA. In particular the Simscape Fluids (gas) library [39,40] has been used. The code, whose graphical scheme is shown in Figure 13, can easily be reproduced and used by manufacturers, and is available at the link provided in [48].



In particular, it consists of:




	
The “Gas Properties” block, which allows the user to select from three gas propriety models: perfect gas, semi-perfect gas, or real gas; the specific gas constant is also set in this block;



	
The “Pressure Source” block, used to simulate the air and oxygen sources (0); this block maintains a constant pressure at its outlet;



	
The “Check Valve” block, which reproduces the check valves (2 and 20) and allows the flow to go in only one direction; the cracking pressure, which is the minimum upstream pressure required to open the valve, is set in this block;



	
The “Reducing Valve” block, used to simulate the pressure reducing valve (3); the valve remains open when the downstream pressure is less than the set pressure, defined in the block proprieties;



	
The “Pressure and Temperature Sensor” block, which reproduces the pressure sensors (4, 14, and 17) in order to monitor the pressure downstream of the pressure reducing valves, and downstream of the inspiratory and expiratory valves;



	
The “Variable Orifice ISO 6358” block, used to simulate the air and oxygen metering valves (5 and 6); this block models a controlled pressure loss from port A to port B, based on the ISO 6358 standard, which can represent a valve, orifice, or restriction. The orifice opening fraction between 0 (valve closed) and 1 (maximum opening) is set by the control signal at port L. The valve properties, inside the block, can be set using the sonic conductance, the flow coefficient, or the restriction area of the corresponding valve;



	
The “Constant Volume Chamber” block, used to reproduce the tank (7); the tank volume, located inside the block, can be set. The pressure in the tank is calculated according to the mass, the volume, and the temperature of the tank. This block is characterised by four ports: a sole inlet port (port A), two outlet ports (port B, connected to the downstream inspiratory valve (11), and port C, connected to the nebulizer), and the thermal conserving port associated with the thermal mass of the gas volume (port H);



	
The “Two-Way Directional Valve” block, used to simulate the inspiratory and expiratory valve (11 and 19); the flow rate is calculated according to the ISO 6358 standard. The gas flows from port A to port B, and the open connection between these gas ports is determined by a positive control signal at port S. The valve properties can be set in the block using the sonic conductance, the flow coefficient, or the restriction area of the corresponding valve;



	
The “Pressure Relief Valve” block, which reproduces the pressure relief valve (12); during normal operation the valve remains closed; however, if the upstream pressure is higher than the maximum pressure set in the block, the valve opens to permit gas flow;



	
The “Two-Way Directional Valve” block, used to simulate the safety valve (13); during normal operation the valve is closed (the control signal is 0 at port S); however, if the system malfunctions, it opens to allow the patient to breathe out (the control signal is 1 at port S);



	
The “Pipe” block, implemented in order to take into account the pressure drops in the circuit due to the presence of the heat exchanger and humidifier (15); this is possible by setting an equivalent length and an equivalent diameter in the block;



	
The “Volumetric Flow Rate Sensor” block, which reproduces the flow sensor (16) in order to measure the flow rate (and tidal volume) inspired (>0) and expired (<0) by the patient.








The patient is simulated using the subroutine “Patient” shown in Figure 14.



It consists of:




	
Two “Check Valve” blocks, used to allow the gas to flow through the upper/lower branch during inspiration/expiration, respectively; the cracking pressure, which is the minimum upstream pressure required to open the valve, is set in these blocks;



	
Two “Local Restriction” blocks, which reproduce the inspiratory/expiratory resistance of the respiratory system, respectively; these blocks model the pressure loss due to a flow area restriction, the value of which can be set inside the blocks. The laminar flow pressure ratio and the cross-sectional area at the inlet/outlet port must also be defined in order to consider the type of flow conditions in the trachea and its dimensions;



	
The “Translational Mechanical Converter” block (namely, a piston moving inside a cylinder), used to simulate the patient’s lungs (12);



	
The “Spring” block, connected in series with the “Translational Mechanical Converter” block and used to simulate the compliance of the respiratory system.








The piston diameter and the spring stiffness must be chosen according to the compliance of the respiratory system of the simulated patient. The compliance of the respiratory system (CRS) is defined as the change in volume of the lungs (∆V) that occurs per unit change in the pressure inside the lungs (∆P):


   C  RS   =   ∆ V   ∆ P   ,  



(16)







As the lungs are simulated in the same way as a cylinder whose piston is counteracted by a spring, the relation between (∆P) and (∆V) is:


  ∆ P =   k ∆ x  A  =   k ∆ V    A 2    ,  



(17)




where (A) is the piston area, (  ∆ x  ) is the displacement of the piston, and (k) is the stiffness of the spring. Combining Equations (16) and (17), one obtains:


   C  RS   =    A 2   k  ,  



(18)







Equation (18) allows us to calculate (k) once (A) has been fixed (or vice versa) by establishing the value of the simulated patient compliance. Furthermore, once we have established the value of the minimum pressure that we want in the circuit at the beginning of the inspiratory phase, namely the positive end-expiratory pressure (PEEP), the pre-compression of the spring (   x 0   ) can be evaluated as follows:


   x 0  =  A k  PEEP ,  



(19)







Finally, the following equation (Equation (20)) allows the dead volume of the cylinder      V 0      to be calculated:


   V 0  =    A   x   0  ,  



(20)







For contrast, the subroutine reproducing the nebulizer is shown in Figure 15.



It consists of:




	
The “Two-Way Directional Valve” block, used to simulate the ON/OFF valve (21); the control signal, at port S, being equal to either 0 or 1;



	
The “Pressure Source” block, which reproduces the compressor (22); this block maintains a constant pressure at its outlet and its value can be set inside the block;



	
The “Orifice ISO 6358” block, used to reproduce the nebulizer jar (23); again, the valve properties inside the block can be set using the sonic conductance, the flow coefficient, or the restriction area of the corresponding valve.








The automatic control of the inspiratory flow and the positive end-expiratory pressure, which is therefore the automatic control of the opening degrees of the inspiratory and expiratory valves, has been obtained through two proportional-integral-derivative (PID) controllers: “PID Flow” and “PID Pressure”. The parameters of the PID controllers have been determined using the Ziegler–Nichols method. The subroutines reproducing these controllers are shown in Figure 16 and Figure 17, respectively.



The resulting set of ordinary differential equations describing the dynamics of the system with respect to time are solved by the solver Ode 23t with variable time steps (from 0.001 to 0.1 s) [39,40].




5. Simulation Code PC-CMV Mode


The simulation code, shown in Figure 18, was made again using the Simscape Fluids (gas) library of MathWorks® Simulink [39,40]. The only difference from the previous simulation code (VC-CMV mode) is that, in this case, the automatic control of the opening degree of the inspiratory valve during the cycle has been obtained through the control of the inspiratory pressure. Indeed, in PC-CMV mode, the inspiratory flow is a consequence of the ventilator’s attempt to maintain a pre-set pressure waveform.



The subroutine reproducing the automatic control of the inspiratory pressure is shown in Figure 19.



The resulting set of ordinary differential equations describing the dynamics of the system with respect to time are solved by the solver Ode 23t with variable time steps (from 0.001 to 0.1 s) [39,40].




6. Simulation Code Airway Resistance


A fundamental aspect to consider in order to validate the results provided by the simulation codes relates to the incidence of pressure losses that are generated in the respiratory system and, particularly in the trachea, where the greatest losses occur. For this reason, we need to calculate the resistance that the respiratory system offers to the passage of the gas flow. This is useful to simulate several patients who each have a different structure of the respiratory epithelium and, consequently, a different resistance value to consider.



Therefore, an additional simulation code is needed with a view to determining the resistance of the respiratory system. In particular, its value is related to the value of the restriction area that has to be set in the “Local Restriction” block located in the subroutine “Patient”.



Again, the simulation code concerning the airway resistance was created in MathWorks® Simulink using the Simscape Fluids (gas) library [39,40], and is shown in Appendix A.



The gas mixture that arrives in the patient’s mouth has been simulated using the “Pressure Source” block (1). This block, which maintains a constant pressure equal to 306 cmH2O at its outlet, is directly connected to the ”Local Restriction block” (2), which is then used to reproduce the resistance of the respiratory system. Inside this block the following parameters have to be set:




	
The value of restriction area, so that different resistance values of the respiratory system can be evaluated;



	
The “laminar flow pressure ratio”, a dimensionless coefficient set equal to 0.01 in order to indicate the fully developed laminar flow conditions inside the trachea;



	
The value of the cross-sectional area at the inlet/outlet port, calculated according to the size of the diameter of the patient’s trachea (in the simulation code an average diameter of 25 mm has been considered, obtaining a section equal to 5 × 10−4 m2);








Two “Pressure and Temperature Sensor” blocks (3 and 4) have been positioned upstream and downstream of the “Local Restriction” block in order to measure the pressure losses in the trachea. Similarly, the “Volumetric Flow Rate Sensor” block (5) has been placed downstream of the “Local Restriction” block in order to measure the flow rate that arrives at the patient’s lungs. The key of the simulative model is performed by the “Product” block (6); the pressure losses recorded by the two pressure sensors are divided by the flow rate and recorded by the flow sensor, resulting in a precise airway resistance value.



The method adopted to evaluate the value of the resistance of the respiratory system facilitates the iteration of restriction area values to be inserted into the “Local Restriction” block in order to select the restriction area value that allows us to obtain the desired resistance value. For instance, a resistance of respiratory system equal to 10 cmH2O/L/s is obtained by setting inside the “Local Restriction” block a restriction area value equal to 2.328 × 10−4 m2, while a restriction area equal to 1.466 × 10−4 m2 has to be set in order to have a resistance of the respiratory system equal to 20 cmH2O/L/s, as shown in Appendix A.




7. Validations


Using the numerical codes described in Section 4, Section 5 and Section 6, the respiratory cycle can be simulated for different control strategies (i.e., volume- or pressure-controlled), for different patients’ characteristics (i.e., compliance and inspiratory/expiratory resistance of the respiratory system), and for different geometric characteristics (i.e., valve size and tank size) and operating parameters (i.e., pressures, flow rates, and tidal volumes) of the ventilator. In this way, several scenarios can be predicted.



In this section, the simulation results of both modes in terms of pressure, flow, and tidal volume are compared with trends derived from real-life quantitative data [46,49] and previously recorded real-life experiments [43], in order to validate the previous Simulink models. Thus, three different cases are simulated. The real-life trends of Case 1 and Case 2 are shown in Figure 20 and Figure 21, respectively.



The patient’s respiratory effort is zero, so the lung ventilator performs 100% of the respiratory work; inspiration and expiration are regulated by the ventilator itself. The operating and geometrical parameters of the ventilator used in the simulations are shown in Table 4.



On the other hand, the independent, dependent, and patient variables of the simulated patient are provided by the real-life trends presented in Figure 20 and Figure 21, and are shown in Table 5 and Table 6, respectively. The equations concerning volume- and pressure-controlled modes, presented in Section 2.2 (Table 3), were used in order to obtain these variables.



Table 7 and Table 8 reveal the parameters entered into the subroutine “Patient” to obtain the values of compliance and the inspiratory/expiratory resistance of the respiratory system. The airway resistance simulation code, which is shown in Appendix A, and the equations, presented in Section 4, have been used for this propose.



Once all the data have been set in the simulation codes, the simulations can be carried out. The collected data of tidal volume, flow, and pressure, shown in Appendix A, are compared with those indicated above in the real-life examples, as shown in Figure 20 and Figure 21, respectively. In particular, in Figure 22 and Figure 23, the predicted trends of the pressure, tidal volume, and flow rate inspired and expired by the simulated patient are compared with the corresponding real-life quantitative trends provided in the literature [43,44,45,46]. The comparison, shown in Figure 22, highlights the strong agreement between the numerical predictions and the real-life trends; the percentage error being, on average, well below 10%. The obtained values of inspiratory/expiratory flow, tidal volume, and pressure are very similar to those reported in Table 5.



Conversely, the comparison shown in Figure 23 highlights the cases where the percentage error is greater than 10%. This is essentially due to:




	
In Case 2, during VC-CMV, the compliance does not remain constant during the inspiration. The compliance changes during inspiration due to the fact that the variation of the stress index, obtained by the pressure–time curve, has not been implemented into the Simulink model.



	
In Case 2, during PC-CMV, an exponential rise has been used as the inspiratory pressure pattern, whereas in the Simulink model, a square pressure pattern has been employed.








The proposed simulation codes are also useful for predicting the behaviour of the valves employed in the patient circuit. In this regard, Figure 24 shows the behaviour of the inspiratory and expiratory valves during a breathing cycle, with reference to Case 2. It is shown that, as expected, the inspiratory valve is opened during the inspiratory phase, and then it is closed during the expiratory phase, ensuring that the inlet gas is not lost during the patient’s expiration.



In addition to this, Figure 25 shows, again referring to Case 2, how the control system is fully effective during the simulation: the flow and pressure waveforms on which the control is carried out accurately reach the set points, pre-set by the operator, during both the VC-CMV mode and the PC-CMV mode.



Finally, the effects on inspiratory/expiratory resistance and lung compliance changes during the two previously analysed ventilation modes are evaluated in the Case 3. The considered data, shown in Figure 26, are taken from real-life quantitative experiments reported in the literature [49].



The operating and geometrical parameters of the ventilator, shown in Table 4, are the same as those used in the previous simulations, while the independent, dependent, and patient variables are reported in Table 9.



Below we can see the parameters entered into the subroutine “Patient” to obtain the values of compliance and the inspiratory/expiratory resistance of the respiratory system, as set out in Table 10. Again, the airway resistance simulation code, which is shown in Appendix A, and the equations presented in Section 4, have been employed for this end.



The predicted time history of the pressure upstream of the patient, flow rate inspired (>0) and expired (<0), and tidal volume, as the resistance and compliance changes, are shown in Appendix A. The relative comparison between the real-life data and the simulation data is shown in Figure 27. Again, the comparison shows that the numerical predictions are in almost perfect agreement with the real-life quantitative trend as, once again, the percentage error is less than 10%. However, the percentage error between the real-life and numerical waveforms is higher than 10% in the first phase of expiration in the pressure waveforms of the VC-CMV mode. This is caused by the extremely high accuracy of the PID controller used in the Simulink model. Indeed, the simulation results show that the airway pressure dropped instantaneously in order to the set PEEP value after the inspiration phase. Conversely, the airway pressure required a slight transitional time to reach the set PEEP value in the real-life experiments.



Changes in respiratory resistance and compliance are best visualised in the P–V loops, although there are predictable changes that occur in the F–V loops. As presented in Figure 28, during the VC-CMV mode, peak inspiratory pressure increases as compliance decreases or inspiratory resistance increases, inspiratory peak flows and tidal volumes remain similar, and expiratory peak flow decreases as lung compliance or expiratory resistance increases. Indeed, an increase in compliance is associated with a decrease in the elastic recoil of the lungs. The less elastic recoil present, the less stored energy available to be released during expiration. On the other hand, during the PC-CMV mode, tidal volume increases as lung compliance and inspiratory resistance increase, whereas inspiratory and expiratory peak flows are reduced. Furthermore, the time required for flow to reach 0 during inspiration and expiration increases.




8. Conclusions


This paper evaluates in detail the two control modes of ventilation available to patients in intensive care units. The equations that form the basis of these typical modes of ventilation have been analysed and described in order to understand and interpret the data and the real-life waveforms taken from literature.



Two numerical codes, available via the link provided in [48], were obtained in MathWorks® Simulink software using the Simscape Fluids (gas) library, which allows the simulation of various patients with differing characteristics of lung compliance and inspiratory/expiratory resistance.



The simulation results in terms of pressure, tidal volume, and flow waveform were compared with those taken from real-life quantitative trends recorded in the scientific literature in order to validate the models. The comparisons highlighted the effectiveness and accuracy of the numerical codes, as the results demonstrated strong agreement with the real-life trends, namely by consistently reporting percentage errors of less than 10%.



In this way, the proposed codes can be used by manufacturers and start-ups in order to produce new mechanical ventilators in the shortest possible time, a vital component of critical care services for patients during the current pandemic.



Possible further improvements to this work might include:




	
The analysis of the assisted–controlled ventilation modes that are employed for those patients who, despite having respiratory difficulties, are sometimes able to begin the inspiration phase independently. Therefore, the mechanical ventilator should be aware of the patient’s effort to inhale and facilitate it through the function of the inspiratory trigger. This would be made possible by including the inspiration effort of the patient into the simulation code by means of a controller, thus making the ventilator able to recognise this effort and provide the respiratory act;



	
The addition of a mathematical model in the VC-CMV simulation code that takes into account compliance changes during inspiration, (i.e., stress index variation), in order to reduce the percentage error between the numerical predictions and real-life data;



	
The possible use of the exponential rise in pressure pattern in the PC-CMV simulation code in order to make the model more accurate.
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Figure A1. Airway resistance simulation code. 
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Figure A2. Resistance values of the respiratory obtained through the airway resistance simulation code. 
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Figure A3. Case 1. Simulation results of VC-CMV and PC-CMV modes in terms of pressure, tidal volume, and inspiratory flow for different inspiratory flow patterns: (a) square flow, (b) half decelerating, (c) full decelerating, (d) sinus waveform; and for a inspiratory pressure pattern: (e) ramp. 
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Figure A4. Case 2. Simulation results in terms of pressure, tidal volume, and inspiratory flow: (a) VC-CMV mode, (b) PC-CMV mode. 
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Figure A5. Case 3. Simulation results concerning the resistance and compliance changes in terms of pressure, tidal volume, and inspiratory flow: (a) VC-CMV mode ([A] CRS = 0.05 L/cmH2O, Rinsp = 5 cmH2O/L/s, Rexp = 15 cmH2O/L/s; [B] CRS = 0.02 L/cmH2O, Rinsp = 5 cmH2O/L/s, Rexp = 15 cmH2O/L/s; [C] CRS = 0.05 L/cmH2O, Rinsp/exp = 20 cmH2O/L/s); (b) PC-CMV mode ([A] CRS = 0.02 L/cmH2O, Rinsp/exp = 10 cmH2O/L/s; [B] CRS = 0.05 L/cmH2O, Rinsp/exp = 20 cmH2O/L/s). 
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Figure 1. Mono-compartment model of the respiratory system connected to ventilator using mechanical analogues. 
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Figure 2. Independent and dependent variables in VC-CMV mode, adapted from [5]. 






Figure 2. Independent and dependent variables in VC-CMV mode, adapted from [5].



[image: Applsci 12 02057 g002]







[image: Applsci 12 02057 g003 550] 





Figure 3. A display of pressure, volume, and flow waveforms during VC-CMV mode: (a) machine-triggered; (b) patient-triggered. The theoretical waveforms have been adapted from [44]. 
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Figure 4. Effect of the increase in resistance airway (a) and decrease in lung compliance (b) during VC-CMV mode, adapted from [45]. 
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Figure 5. Various flow patterns typically used in VC-CMV mode. 
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Figure 6. (a) Linear relationship between pressure and time indicating no recruitment or overdistention; (b) Concave curve indicating overdistention; (c) Convex curve indicating recruitment during the breath. 
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Figure 7. Independent and dependent variables in PC-CMV mode, adapted from [5]. 
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Figure 8. A display of pressure, volume, and flow waveforms during PC-CMV mode: (a) machine-triggered; (b) patient-triggered. The theoretical waveforms have been adapted from [44]. 
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Figure 9. Effect of the increase in airway resistance (a) and decrease in lung compliance (b) during PC-CMV mode, adapted from [45]. 
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Figure 10. Various inspiratory pressure patterns typically used in PC-CMV mode (a) and comparison (b). The theoretical trends have been adapted from [46]. 
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Figure 11. Key components of ICU mechanical ventilators. 
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Figure 12. Pneumatic scheme of a typical ventilator for ICUs with ISO symbols. 
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Figure 13. VC-CMV simulation code produced with Simulink (Simscape Fluids (gas) library). 






Figure 13. VC-CMV simulation code produced with Simulink (Simscape Fluids (gas) library).



[image: Applsci 12 02057 g013]







[image: Applsci 12 02057 g014 550] 





Figure 14. Subroutine reproducing the patient’s trachea and lungs. 
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Figure 15. Subroutine reproducing the nebulizer. 
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Figure 16. Subroutine reproducing the automatic control of the inspiratory flow. 
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Figure 17. Subroutine reproducing the automatic control of the positive end-expiratory pressure. 
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Figure 18. PC-CMV simulation code produced with Simulink (Simscape Fluids (gas) library). 
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Figure 19. Subroutine reproducing the automatic control of the inspiratory pressure. 






Figure 19. Subroutine reproducing the automatic control of the inspiratory pressure.



[image: Applsci 12 02057 g019]







[image: Applsci 12 02057 g020 550] 





Figure 20. Case 1. Real-life quantitative data of flow, volume, and pressure waveforms on various patterns of inspiratory flow, adapted from [46]. 
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Figure 21. Case 2. Recorded real-life trends of flow, volume, and pressure waveforms in VC-CMV and PC-CMV mode, adapted from [43]. 
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Figure 22. Case 1. Comparison between real-life data and simulation data: (a) square flow, (b) half decelerating; (c) full decelerating; (d) sine waveform; (e) ramp pressure. 
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Figure 23. Case 2. Comparison between real-life data and simulation data: (a) VC-CMV mode, (b) PC-CMV mode. 
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Figure 24. Case 2. Opening degree of the inspiratory and expiratory valves: (a) VC-CMV mode; (b) PC-CMV mode. 
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Figure 25. Case 2. Control system: (a) VC-CMV mode; (b) PC-CMV mode. 
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Figure 26. Case 3. Real-life trends of pressure (VC-CMV mode, in red) and flow (PC-CMV mode, in blue) concerning the inspiratory/expiratory resistance and lung compliance changes, adapted from [49]. VC-CMV mode ([A] CRS = 0.05 L/cmH2O, Rinsp = 5 cmH2O/L/s, Rexp = 15 cmH2O/L/s; [B] CRS = 0.02 L/cmH2O, Rinsp = 5 cmH2O/L/s, Rexp = 15 cmH2O/L/s; [C] CRS = 0.05 L/cmH2O, Rinsp/exp = 20 cmH2O/L/s); PC-CMV mode ([A] CRS = 0.02 L/cmH2O, Rinsp/exp = 10 cmH2O/L/s; [B] CRS = 0.05 L/cmH2O, Rinsp/exp = 20 cmH2O/L/s). 
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Figure 27. Case 3. Comparison between theoretical real-life data and simulation data for the resistance and compliance changes: (a) VC-CMV mode ([A] CRS = 0.05 L/cmH2O, Rinsp = 5 cmH2O/L/s, Rexp = 15 cmH2O/L/s; [B] CRS = 0.02 L/cmH2O, Rinsp = 5 cmH2O/L/s, Rexp = 15 cmH2O/L/s; [C] CRS = 0.05 L/cmH2O, Rinsp/exp = 20 cmH2O/L/s); (b) PC-CMV mode ([A] CRS = 0.02 L/cmH2O, Rinsp/exp = 10 cmH2O/L/s; [B] CRS = 0.05 L/cmH2O, Rinsp/exp = 20 cmH2O/L/s). 
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Figure 28. Case 3. Simulation results of P–V loops and F–V loops: (a) VC-CMV mode; (b) PC-CMV mode. 






Figure 28. Case 3. Simulation results of P–V loops and F–V loops: (a) VC-CMV mode; (b) PC-CMV mode.



[image: Applsci 12 02057 g028]







[image: Table] 





Table 1. Mechanical ventilation modes, adapted from [42].
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Control Variables

	
Breath Sequence

	
Ventilation Mode

	
Acronym






	
Pressure

	
CSV

	
Pressure Support

	
PS-CSV




	
CMV

	
Pressure Control

	
PC-CMV




	
IMV

	
Pressure Control

	
PC-IMV




	
Flow–Volume

	
CMV

	
Volume Control

	
VC-CMV




	
IMV

	
Volume Control

	
VC-IMV
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Table 2. Classification of the mechanical ventilation modes based on phase variables, adapted from [5].
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	Ventilation Mode
	Trigger Variable
	Limit Variable
	Cycle Variable





	Controlled
	Ventilator
	Ventilator
	Ventilator



	Assisted–Controlled
	Patient
	Ventilator
	Ventilator



	Supported
	Patient
	Ventilator
	Patient



	Spontaneous
	Patient
	Patient
	Patient
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Table 3. Equations relating the important parameters for VC-CMV and PC-CMV mode, adapted from [44].
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Mode

	
Parameter

	
Symbol

	
Equation






	
VC-CMV

	
Tidal Volume (L)

	
VT

	
    V T  =  I  pf        T   i    




	
Mean Inspiratory Flow (L/s)

	
        V ˙   ¯   I    

	
        V ˙   ¯   I  =   60    V   T     T i      




	
Plateau Pressure   ( cm  H 2  O  )

	
    P  plt     

	
    P  plt   =  P 0  +    V T     C  RS       




	
Insp. Peak Pressure   ( cm  H 2  O )  

	
PIP

	
   PIP =  P  plt   +  R  insp        I    pf     




	
PC-CMV

	
Tidal Volume (L)

	
    V T    

	
    V T  = ∆    P   C    RS     1 −  e  −  t   τ i          




	
Inspiratory Flow (L/s)

	
        V ˙   I    

	
        V ˙   I  =   ∆ P    R  insp        e  −  t   τ i          




	
Pressure Gradient   ( cm  H 2  O  )

	
∆P

	
   ∆ P = PIP − PEEP   




	
Both modes

	
Total Cycle Time (s)

	
TCT

	
   TCT =  T i  +  T e       =   60   RR     




	
I:E ratio

	
I:E

	
   I : E =    T i     T e      




	
Inspiratory Time Constant (s)

	
    τ  insp     

	
    τ  insp   =  R  insp        C    RS     




	
Expiratory Time constant (s)

	
    τ  exp     

	
    τ  exp   =  R  exp    C  RS     




	
Expiratory Flow (L/s)

	
        V ˙   E    

	
        V ˙   E  = −   ∆  P e     R  exp        e  −  t   τ e          




	
Insp. Resistance   ( cm  H 2  O  /L/s)

	
    R  insp     

	
    R  insp   =   ∆  P i    ∆   V ˙       




	
Exp. Resistance   ( cm  H 2  O  /L/s)

	
    R  exp     

	
    R  exp   =   ∆  P e    ∆   V ˙       




	
Compliance   ( L / cm  H 2  O  )

	
    C  RS     

	
    C  RS   =   ∆ V   ∆ P     




	
Elastance   ( cm  H 2  O  /L)

	
    E  RS     

	
    E  RS   =  1   C  RS       




	
Mean Airway Pressure   ( cm  H 2  O  )

	
        P ¯    aw     

	
        P ¯    aw   = k   PIP − PEEP        T i     T i  +  T e      − PEEP   




	
Primary Variable

	
Pressure   ( cm  H 2  O  )

	
P

	




	
Volume (L)

	
V




	
Flow (L/s)

	
      V ˙    




	
Inspiratory Time (s)

	
    T i    




	
Expiratory Time (s)

	
    T e    




	
Respiratory Rate (breaths/min)

	
RR
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Table 4. Operating and geometrical parameters of the ventilator.
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	Parameter
	Value





	Control mode
	VC-CMV/PC-CMV



	Trigger mode
	Ventilator



	O2 percentage in the gas
	20.9%



	Nebulizer
	Not activated



	Specific gas constant
	287.1 J/kg K



	Critical pressure ratio
	0.53



	Supply pressure
	2039.4 cmH2O



	Pressure downstream of the pressure reducing valve
	306 cmH2O



	Cracking pressure of the pressure relief valve
	80.0 cmH2O



	Cracking pressure of the check valves
	1.02 cmH2O



	Sonic conductance at maximum flow for the air metering valve, oxygen metering valve, inspiratory valve, and expiratory valve
	10 L/s/bar



	Opening offset of the inspiratory and expiratory valves
	−10%



	Tank volume
	6 L



	Temperature in the tank
	20 °C



	Pressure drop heat exchanger + humidifier (Equivalent length and diameter)
	I0.5 m × 0.01 m



	Temperature gas heat exchanger
	27 °C
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Table 5. Independent, dependent, and patient variables of the real-life trends of the Case 1.
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VC-CMV mode




	

	
Independent Variables

	
Patient Variables

	
Dependent Variables




	

	
VT

(L)

	
Ipf

(L/min)

	
Ti

(s)

	
RR (breaths/min)

	
PEEP

(cmH2O)

	
Rinsp(cmH2O/L/s)

	
CRS

(L/cmH2O)

	
τi

(s)

	
PIP

(cmH2O)

	
Pplt

(cmH2O)

	
Tplt

(s)

	
Te

(s)

	
TCT

(s)




	
Square

Flow

	
0.3

	
9

	
2

	
10

	
5

	
20

	
0.015

	
0.3

	
28

	
25

	
0.5

	
3.5

	
6




	
Half Decelerating

	
0.3

	
12

	
2

	
10

	
5

	
20

	
0.015

	
0.3

	
27.1

	
25

	
0.5

	
3.5

	
6




	
Full Decelerating

	
0.3

	
18

	
2

	
10

	
5

	
20

	
0.015

	
0.3

	
25.2

	
25

	
0.5

	
3.5

	
6




	
Sinus

Waveform

	
0.3

	
14.14

	
2

	
10

	
5

	
20

	
0.015

	
0.3

	
26.3

	
25

	
0.5

	
3.5

	
6




	

	
PC-CMV mode




	

	
Independent Variables

	
Patient Variables

	
Dependent Variables




	

	
PIP

(cmH2O)

	
Slope

(s)

	
Ti

(s)

	
RR(breaths/min)

	
PEEP

(cmH2O)

	
Rinsp(cmH2O/L/s)

	
CRS

(L/cmH2O)

	
∆P

(cmH2O)

	
τi

(s)

	
VT

(L)

	
Ipf

(L/min)

	
Tplt

(s)

	
Te

(s)

	
TCT

(s)




	
Ramp

	
25

	
0.5

	
2

	
10

	
5

	
20

	
0.015

	
20

	
0.3

	
0.3

	
30

	
0.5

	
3.5

	
6
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Table 6. Independent, dependent and patient variables of the real-life trends of the Case 2.
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VC-CMV




	
Square Flow




	
Independent Variables

	
Patient Variables

	
Dependent Variables




	
VT

(L)

	
Ipf

(L/min)

	
Ti

(s)

	
RR (breaths/min)

	
PEEP

(cmH2O)

	
Rinsp(cmH2O/L/s)

	
Rexp(cmH2O/L/s)

	
CRS

(L/cmH2O)

	
τi

(s)

	
τe

(s)

	
PIP

(cmH2O)

	
Pplt

(cmH2O)

	
Epf

(L/min)

	
Tpltl

(s)

	
Te

(s)

	
TCT

(s)




	
0.48

	
22.2

	
1.3

	
15

	
5

	
15

	
17

	
0.03

	
0.45

	
0.51

	
26

	
20.5

	
−54

	
0.05

	
2.65

	
4




	
PC-CMV mode




	
Square Pressure




	
Independent Variables

	
Patient Variables

	
Dependent Variables




	
PIP

(cmH2O)

	
Ti

(s)

	
RR (breaths/min)

	
PEEP

(cmH2O)

	
Rinsp

(cmH2O/L/s)

	
Rexp (cmH2O/L/s)

	
CRS

(L/cmH2O)

	
∆P

(cmH2O)

	
τi/τe

(s)

	
VT

(L)

	
Ipf/Epf

(L/min)

	
Tplt

(s)

	
Te

(s)

	
TCT

(s)




	
21

	
1.35

	
15

	
5

	
20

	
20

	
0.027

	
16

	
0.54

	
0.4

	
±48

	
0

	
2.65

	
4
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Table 7. Parameters set in the subroutine “Patient” concerning simulations of real-life cases of the Case 1.
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Parameters




	

	
Piston

Area (A)

m2

	
Spring

Stiffness (k)

N/m

	
Spring

Pre-Compression (x0)

m

	
Cylinder

Dead Volume(V0)

L

	
Restriction

Area to Simulate the Inspiratory Resistance (Ar,i)

m2






	
VC-CMV

	
Square

Flow

	
0.01

	
653

	
0.0077

	
0.077

	
0.0001466




	
Half

Decel.

	
0.01

	
653

	
0.0077

	
0.077

	
0.0001466




	
Full

Decel.

	
0.01

	
653

	
0.0077

	
0.077

	
0.0001466




	
Sinus

Waveform

	
0.01

	
653

	
0.0077

	
0.077

	
0.0001466




	
PC-CMV

	
Ramp

	
0.01

	
653

	
0.0077

	
0.077

	
0.0001466
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Table 8. Parameters set in the subroutine “Patient” concerning simulations of real-life cases of the Case 2.
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Parameters




	

	

	
Piston

Area (A)

m2

	
Spring

Stiffness (k)

N/m

	
Spring

Pre-Compression (x0)

m

	
Cylinder

Dead Volume (V0)

L

	
Restriction Area to Simulate the Inspiratory Resistance (Ar,i)

m2

	
Restriction

Area to Simulate the Expiratory

Resistance (Ar,e)

m2






	
VC-CMV

	
Square

Flow

	
0.01

	
326

	
0.0153

	
0.153

	
0.0001797

	
0.000165




	
PC-CMV

	
Square Pressure

	
0.01

	
359

	
0.0139

	
0.139

	
0.0001466

	
0.0001466
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Table 9. Independent, dependent, and patient variables of the real-life trends of the Case 3.






Table 9. Independent, dependent, and patient variables of the real-life trends of the Case 3.





	

	
VC-CMV mode




	
Square Flow




	
Independent Variables

	
Patient Variables

	
Dependent Variables




	

	
VT

(L)

	
Ipf

(L/min)

	
Ti

(s)

	
RR (breaths/min)

	
PEEP

(cmH2O)

	
Rinsp(cmH2O/L/s)

	
Rexp(cmH2O/L/s)

	
CRS

(L/cmH2O)

	
τi

(s)

	
τe

(s)

	
PIP

(cmH2O)

	
Pplt

(cmH2O)

	
Epf

(L/min)

	
Tpltl

(s)

	
Te

(s)

	
TCT

(s)




	
A

	
0.675

	
40.5

	
1

	
12

	
5

	
5

	
15

	
0.05

	
0.25

	
0.75

	
21.875

	
18.5

	
−54

	
0

	
4

	
5




	
B

	
0.675

	
40.5

	
1

	
12

	
5

	
5

	
15

	
0.02

	
0.1

	
0.3

	
42.125

	
38.75

	
−135

	
0

	
4

	
5




	
C

	
0.675

	
40.5

	
1

	
12

	
5

	
20

	
20

	
0.05

	
1

	
1

	
32

	
18.5

	
−40.5

	
0

	
4

	
5




	

	
PC-CMV mode




	
Square Pressure




	
Independent Variables

	
Patient Variables

	
Dependent Variables




	
PIP

(cmH2O)

	
Ti

(s)

	
RR(breaths/min)

	
PEEP

(cmH2O)

	
Rinsp(cmH2O/L/s)

	
Rexp(cmH2O/L/s)

	
CRS

(L/cmH2O)

	
∆P

(cmH2O)

	
τi

(s)

	
τe

(s)

	
VT

(L)

	
Ipf

(L/min)

	
Epf

(L/min)

	
Tplt

(s)

	
Te

(s)

	
TCT

(s)




	
A

	
25

	
1.5

	
12

	
5

	
10

	
10

	
0.02

	
20

	
0.2

	
0.2

	
0.4

	
120

	
−120

	
0

	
3.5

	
5




	
B

	
25

	
1.5

	
12

	
5

	
20

	
20

	
0.05

	
20

	
1

	
1

	
0.775

	
60

	
−60

	
0

	
3.5

	
5
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Table 10. Parameters set in the subroutine “Patient” concerning simulations of real-life cases of the Case 3.






Table 10. Parameters set in the subroutine “Patient” concerning simulations of real-life cases of the Case 3.





	

	

	
Parameters




	
Piston

Area (A)

m2

	
Spring

Stiffness (k)

N/m

	
Spring

Pre-Compres-

sion (x0)

m

	
Cylinder

Dead Volume (V0)

L

	
Restriction Area to Simulate the Inspiratory Resistance (Ar,i)

m2

	
Restriction Area

to Simulate the Expiratory Resistance (Ar,e)

m2






	
VC-CMV

	
A

	
0.01

	
196

	
0.0255

	
0.255

	
0.0003478

	
0.0001797




	
B

	
0.01

	
490

	
0.0102

	
0.102

	
0.0003478

	
0.0001797




	
C

	
0.01

	
196

	
0.0255

	
0.255

	
0.0001466

	
0.0001466




	
PC-CMV

	
A

	
0.01

	
490

	
0.0102

	
0.102

	
0.0002328

	
0.0002328




	
B

	
0.01

	
196

	
0.0255

	
0.255

	
0.0001466

	
0.0001466
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