
Citation: Chavarri, J.A.C.; Ruiz,

C.G.R.; Gómez Amador, A.M.;

Cardenas, B.J.M.A.; Anaya, S.C.;

Lozano Jauregui, J.H.; Hinostroza,

A.T.; Jiménez de Cisneros y Fonfría,

J.J. Mathematical Analysis of a Low

Cost Mechanical Ventilator

Respiratory Dynamics Enhanced by a

Sensor Transducer (ST) Based in

Nanostructures of Anodic

Aluminium Oxide (AAO).

Mathematics 2022, 10, 2403.

https://doi.org/10.3390/

math10142403

Academic Editor: James M. Buick

Received: 8 April 2022

Accepted: 19 June 2022

Published: 8 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

mathematics

Article

Mathematical Analysis of a Low Cost Mechanical Ventilator
Respiratory Dynamics Enhanced by a Sensor Transducer (ST)
Based in Nanostructures of Anodic Aluminium Oxide (AAO)
Jesús Alan Calderón Chavarri 1,2,* , Carlos Gianpaul Rincón Ruiz 2 , Ana María Gómez Amador 3 ,
Bray Jesús Martin Agreda Cardenas 2, Sebastián Calero Anaya 2, John Hugo Lozano Jauregui 2,4,
Alexandr Toribio Hinostroza 4 and Juan José Jiménez de Cisneros y Fonfría 2

1 Angewandte Nanophysik, Institut Für Physik, Technische Universität Ilmenau, 98693 Ilmenau, Germany
2 Engineering Department, Pontificia Universidad Católica del Perú, Lima 15088, Peru;

rinconr.carlos@pucp.pe (C.G.R.R.); b.agreda@pucp.edu.pe (B.J.M.A.C.); sebastian.calero@pucp.pe (S.C.A.);
john.lozanoj@pucp.edu.pe (J.H.L.J.); juanjose.cisneros@pucp.pe (J.J.J.d.C.y.F.)

3 Departament of Mechanical Engineering, Universidad Carlos III de Madrid, 28911 Madrid, Spain;
amgomez@ing.uc3m.es

4 Mechatronic Department, Northen (Artic) Federal University Named after M.V. Lomonosov,
Arkhangelsk 163002, Russia; alexandrtoribio@mail.ru

* Correspondence: alan.calderon@pucp.edu.pe

Abstract: Mechanical ventilation systems require a device for measuring the air flow provided to a
patient in order to monitor and ensure the correct quantity of air proportionated to the patient, this
device is the air flow sensor. At the beginning of the COVID-19 pandemic, flow sensors were not
available in Peru because of the international supply shortage. In this context, a novel air flow sensor
based on an orifice plate and an intelligent transducer was developed to form an integrated device.
The proposed design was focused on simple manufacturing requirements for mass production in a
developing country. CAD and CAE techniques were used in the design stage, and a mathematical
model of the device was proposed and calibrated experimentally for the measured data transduction.
The device was tested in its real working conditions and was therefore implemented in a breathing
circuit connected to a low-cost mechanical ventilation system. Results indicate that the designed
air flow sensor/transducer is a low-cost complete medical device for mechanical ventilators that is
able to provide all the ventilation parameters by an equivalent electrical signal to directly display
the following factors: air flow, pressure and volume over time. The evaluation of the designed
sensor transducer was performed according to sundry transducer parameters such as geometrical
parameters, material parameters and adaptive coefficients in the main transduction algorithm; in
effect, the variety of the described results were achieved by the faster response time and robustness
proportionated by transducers of nanostructures based on Anodic Aluminum Oxide (AAO), which
enhanced the designed sensor/transducer (ST) during operation in intricate geographic places, such
as the Andes mountains of Peru.

Keywords: air flow medical sensor; emergency air flow sensor; low-cost air flow sensor; nanostructures;
COVID-19

MSC: 65K10

1. Introduction

Monitoring has become indispensable for mechanical ventilators in order to provide
feedback to medical staff regarding treatment. Moreover, ventilation parameters can be
used for internal control tasks such as adaptive feedback which improves the equipment
performance and response to disturbances. Thus, appropriated values of physical variables
and artificial breathing could be achieved by monitoring the ventilation curves in real
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time [1]. In this sense, a flow sensor is a device used for air flow measurement, and its
working concept is commonly based on an induced pressure drop across an orifice which
can be measured and related to the air flow value in a breathing circuit over time [2].

Design considerations for air flow measurement in industrial applications are well
established in the steady-state condition [3]; nevertheless, the air flow provided by the
developed low-cost mechanical ventilator has a particular periodic waveform in a transient
condition. Typical medical air flow sensors measure the pressure drop using static pressure
taps connected to a transducer. However, this represents a risk of leaking polluted air
from the patient, which is a harmful risk given the current pandemic context. To counter
this, modern medical air flow sensors are connected to electrical transducers to generate
electrical values analogous to values of static pressure [4]. Having a sensor connected to
an electrical transducer is quite important for the measured variables, as their electrical
equivalent values can be stored in the main control system of the ventilator. On the other
hand, any kind of virus can be reduced, something that cannot be achieved with typical
airflow connectors. Furthermore, air flow sensors cannot provide air pressure and volume
and other parameters, which require monitoring, are measured using an additional sensor
and calculated at the processing stage.

In this study, a novel air flow sensor/transducer was proposed as an integrated design
that is able to measure the air flow in a breathing circuit in the time domain and estimate
the air pressure and volume parameters with the mathematical model developed and
calibrated experimentally for a specific low-cost mechanical ventilator based on cams [1].
This proposed medical device directly provides the equivalent electrical signals of air
pressure, volume and flow after a transduction stage required due to the nonlinearity of
the air flow and pressure drop [5].

During the COVID-19 pandemic, many low-cost mechanical ventilation systems based
on the compression of an airbag were developed [6], but they were required to measure
the generated air flow rate to the patient [7]. However, air flow sensors were not easy to
resource in Peruvian markets due to the international supply shortage during this period
of the pandemic. Moreover, the design and fabrication for this medical application requires
certain considerations, such as those proposed in this research.

2. Materials and Methods

Broadly, the methodology consists of design, fabrication, experimental study and
experimental validation stages. The design was an iterative process, thus in this paper
only the final version which was improved according to the experimental results is shown.
Figure 1 shows an overview of the research flow. In the design stage, sensor architecture and
functions were established. The transduction algorithm correlates the theoretical pressure
difference and ventilation curves shown in the display. A Computational Fluid Dynamics
(CFD) analysis supports an exhaustive study of air airflow measurement in different flow
conditions as well as with different orifice plate dimensions. A sensor prototype and
equipment were specially designed for the experimental study. The experimental data
obtained were used for the mathematical characterization of the sensor in dynamic [8],
steady and real working conditions. Design improvement and model calibration were
carried out based on the CFD simulation and experimental characterization [9].

Finally, the design was improved and fabricated for the experimental validation
where the device measurement, connected to a mechanical ventilator, was compared to the
measurement of a Fluke air flow meter.

2.1. Device Description

Figure 2 shows the sensor/transducer concept. It consists of an orifice plate sensor,
a pressure transducer and a controller. The crossing air flow through the orifice plate
produces a pressure difference related to the air flow value. Then, the pressure transducer
converts the pressure signals into their electric equivalent signals which are sent to the
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controller for data treatment in order to determine and display the pressure, volume and
flow over time using an electronic screen [10].
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Figure 2. Scheme of the designed air flow sensor transducer.

2.2. Device Design

Figure 3 shows the integrated air flow sensor/transducer developed for this particular
transient flow measurement. It consists of a compact air flow sensor based on an orifice plate
and a transduction stage of the measured pressure difference over time. The transduction
stage and pressure difference measurement were integrated in this device in order to
prevent leaks or contaminated air flow. The device measures the air flow through it and
calculates (using a microcontroller Arduino UNO) the breathing variables transduced as
electrical values that are depicted on the electronic screen and sent to the main control
system of the mechanical ventilator.
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Figure 3. Design of an integrated air flow sensor/transducer for a breathing circuit.

Figure 4 shows the compact air flow sensor developed for the integrated design, which
is composed of an upstream and downstream pipe welded to an orifice plate. Dimensions
are established based on the analytic and experimental results, which guarantee the pressure
difference measurement over time for this particular medical application with a mechanical
ventilation system OxygenIP.PE, whose nominal working conditions correspond to a
transient flow [11].
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2.3. Mathematical Modelling

The design of the flow sensor was based on the mathematical model analysis as a
consequence of the theoretical equations, which describe the flow behavior through an
orifice plate. Moreover, the analysis was enhanced due to the correlation with polynomial
models that provided adaptive coefficients for the optimal measurements, for which the
process is described in more detail in the following paragraphs.

In Figure 5, a scheme to explain the theoretical model of the flow inside the airflow
circuit is depicted. In which f is the air flow from a source, the section area of the hose is
a, and the flow reduces its section area b while crossing the orifice plate. Thus, a pressure
difference can be measured between points P1 and P2, moreover v1 and v2 represent the
fluid flow speed of the air flow in the direction depicted by the red arrow [11,12].

Mathematics 2022, 10, x FOR PEER REVIEW 5 of 36 
 

 

 
Figure 5. Scheme of the orifice plate theoretical model. 

In order to find the pressure, airflow and volume equations, the Stokes equations 
were analyzed using Equation (1), in which, “f” is the function as the consequence of air-
flow and “µ” and “D” are the average velocity and dispersion coefficient, respectively 
[13,14]. 

2

2 f f f
礑

t x x
∂ ∂ ∂+ =
∂ ∂ ∂  

(1)

This expression can be reduced to the Bernoulli model, and with the analysis of the 
energy balance, Equation (2) can be obtained [13], in which ρ is the fluid flow density, 𝑝ଵ 
and 𝑝ଶ are the initial and final referential pressure through the fluid flow path, and 𝑣ଵ 
and 𝑣ଶ are the fluid flow speed. 

2 2
1 1 2 2

1 1
2 2
v p v pρ ρ+ = +

 
(2)

By conducting a static pressure analysis, it is possible to obtain Equation (3), where 𝜚 is the volumetric flow rate [13], 𝐴ଵ and 𝐴ଶ are the cross sections area, and the initial 
and the final static pressure are 𝑝ଵ and 𝑝ଶ, which are proportionate to the difference of 
pressure Δ𝑃. Φ = 𝐴ଶඩ 2Δ𝑃𝜚 ቆ1 − ቀ𝐴ଶ𝐴ଵቁଶቇ 

(3)

From here, it is further possible to reduce to the equation by considering the “dis-
charge coefficient 𝐶ௗ” so that Equation (4) is obtained [13]. Φ = 𝐶ௗ𝐴ଶඩ 2Δ𝑃𝜚 ቆ1 − ቀ𝐴ଶ𝐴ଵቁଶቇ 

(4)

Finally, a theoretical model can be derived from the expected breathing curve as 
shown by Equation (5) [13], in which Ri has the geometrical and material information of 
the fluid flow sensor. Equation (5) proposes the relation among the volumetric flow rate Φ with the pressure difference of Δ𝑃, and τ is the response time. 

Figure 5. Scheme of the orifice plate theoretical model.



Mathematics 2022, 10, 2403 5 of 32

In order to find the pressure, airflow and volume equations, the Stokes equations were
analyzed using Equation (1), in which, “f ” is the function as the consequence of airflow
and “µ” and “D” are the average velocity and dispersion coefficient, respectively [13,14].

∂ f
∂t

+ µ
∂ f
∂x

= D
∂ f 2

∂x2 (1)

This expression can be reduced to the Bernoulli model, and with the analysis of the
energy balance, Equation (2) can be obtained [13], in which ρ is the fluid flow density, p1
and p2 are the initial and final referential pressure through the fluid flow path, and v1 and
v2 are the fluid flow speed.

1
2

ρv1
2 + p1 =

1
2

ρv2
2 + p2 (2)

By conducting a static pressure analysis, it is possible to obtain Equation (3), where $ is
the volumetric flow rate [13], A1 and A2 are the cross sections area, and the initial and the
final static pressure are p1 and p2, which are proportionate to the difference of pressure ∆P.

Φ = A2

√√√√√ 2∆P

$

(
1 −

(
A2
A1

)2
) (3)

From here, it is further possible to reduce to the equation by considering the “discharge
coefficient Cd” so that Equation (4) is obtained [13].

Φ = Cd A2

√√√√√ 2∆P

$

(
1 −

(
A2
A1

)2
) (4)

Finally, a theoretical model can be derived from the expected breathing curve as shown
by Equation (5) [13], in which Ri has the geometrical and material information of the fluid
flow sensor. Equation (5) proposes the relation among the volumetric flow rate Φ with the
pressure difference of ∆P, and τ is the response time.

Φ =

(
∆P
Ri

)(
1 − e

t
τ

)
(5)

2.4. Computational Fluid Dynamics (CFD) Analysis
Sensor Case Setup

The geometry was modelled after the actual state bench design proposal (with an
extended outlet to overcome reverse flow issues). Following Bridgeman’s steps [15], the
sensor case was modelled as axisymmetric and the pressure sensing ports’ geometries were
disregarded to save computational resources and time. Because of this, better and more
structured meshes were obtained. Five geometries were generated in total (one for each
orifice diameter). The meshes were then generated with an element size of 0.00025 m, all
with good or excellent mesh metrics results, according to Ansys [16]. Figure 6 shows the
model for the 10 mm orifice plate of the sensor case, in which A and B keep the distance for
the static pressure orifices.

The main equations that govern this analysis are provided by the Navier–Stokes
equations, mainly the x-y momentum and continuity equations. The energy equation was
not included in the analysis since heat transfer was not one of the concerns of this study.
The SST k-ε turbulence model was selected for this study because it combines the following
2 separate models: the k-ε and k-ε turbulence models. The first model is better at capturing
near-the-wall turbulence effects, and the second model is superior at capturing turbulence
effects away from the walls.
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The following initial and border conditions were considered:

� Air assumed as incompressible fluid [17];
� Density = 1.18 kg/m3;
� Atmospheric pressure at the outlet (101,325 Pa);
� Dynamic Viscosity = 1.7984 × 10−5 kg/(m-s);
� No slip condition at the walls.

A mesh sensitivity analysis was performed for 3 different meshes. The first one
contained 6962 elements; the second, 27,843; and the third, 43,045. The populations corre-
sponded to meshes with element sizes of 0.0005 m, 0.00025 m, and 0.0002 m, respectively.
These 3 different meshes were run as steady state cases for the 4 mm orifice and 100 L/min
airflow. The results were then graphed.

Figure 7 shows that the results began to converge towards a single pressure difference
value. If the mesh refining continued, a single pressure difference value would be reached.
Since the geometry was simple, a highly populated mesh was not necessary. This is shown
in Figure 6, where almost double the number of elements only resulted in an increase of
0.31% of the pressure difference, as well as a considerable increase of almost 6 times the
required number of iterations before the residuals reached convergence. Therefore, to save
computational resources and time, but at the same time still obtain acceptable results, a
mesh with an element size of 0.00025 m was selected for the simulations. The mesh used
for the 10 mm orifice model is shown in Figure 8.
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2.5. Transduction Stage Design

After studying the theoretical model with the Navier–Stokes equations and analyzing
the sensor case via simulation methodologies, experiments were conducted to develop the
experimental model of the designed sensor/transducer. Equations (6) and (7) represent
a non-linear system, where u(t) is the input signal (for example pressure from cam over
pivot), y(t) is the response (such as for example airflow crossing airbag to a connected
hose), x(t) is an internal variable which allows the connection between input signals and
response, f and h represent the non-linear characteristics of the system such as functions,
while θ represents physical parameters of the system and t the time. The function f contains
the mechanic parameters, fluid parameters and electrical parameters for the correlation
between the theoretic and experimental model of the designed sensor [1,13,18].

dx(t)
dt

= f (x(t), u(t), θ) (6)

y(t) = h(x(t), u(t), θ) (7)

It is possible to propose the mathematical model of the system (sensor/transducer)
with Equations (6) and (7) described above. Moreover, it is necessary to find the optimal
signal (input variable) that provides a predicted response. Hence, Equation (8) depends on
the trajectory solution as set point Rs and r(ki) is the set point of sample time ki.

Rs
T = (111 . . . 11111111)r(ki) (8)

Equation (9) has a dependence of matrices Rs and ∆U. The optimal predicted solution
for a desired value in the system is obtained based on the cost function “J” among optimal
predicted response with this “trajectory solution Y” such as the optimal predicted solution
∆U, which is described using Equation (9). The procedure to calculate ∆U is given by Equa-
tions (10)–(14), furthermore, R is a diagonal matrix to tune the desired optimal response
matrix.

J = (Rs − Y)T(Rs − Y) + ∆UT R∆U (9)

On the other hand, the “Optimal predicted response Y” has a dependence of “matrices
F, ϕ and the state vector X(ki)” as shown by Equation (10)

Y = FX(ki) + ϕ∆U (10)

Moreover, using the costing function “J” the optimal estimation was analyzed, as it is
described by Equation (11) after replacing Equation (10) in Equation (9).

J = (Rs − FX(ki))
T(Rs − FX(ki))− 2∆UT ϕT(Rs − FX(ki)) + ∆UT

(
ϕT ϕ + R

)
∆U (11)

Looking for the minimal error, Equation (11) was derived as the dependence of “∆U”
in Equation (12).

∂J
∂∆U

= −2ϕT(Rs − FX(ki)) + 2
(

ϕT ϕ + R
)

∆U (12)

Therefore, the minimal value of “J” was achieved using Equation (13).

∂J
∂∆U

= 0 (13)

This means that the optimal “∆U” is given by Equation (14), which helps to obtain the
optimal and predicted “Y”.

∆U =
(

ϕT ϕ + R
)−1

ϕT(Rs − FX(ki)) (14)
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On the other hand, the matrix ϕ can help to obtain information of the material sensor
regarding the thin film, which is subject to the air pressure. Moreover, the geometry
(nanostructures) of the thin film can be stored over the matrix. Therefore, Equation (15)
provides the correlation between the optimal predictive solution of the transduction with
the matrix adaptive coefficients, which keep information of the material and geometrical
characteristic of the designed sensor.

Furthermore, the periodical responses from the sensor/transducer are provided by
Equation (15) though a transfer function analysis, thereby making it possible to identify the
first order behavior in the steady state. Therefore, Cs represents the answer variable for the
first order, Ns is the input excitation signal, t is the response time and K is the proportional
gain.

Cs

Ns
=

K
ts + 1

(15)

Equation (15) is reduced in the time domain and Equation (16) is obtained, which
keeps the model of Equation (5) in a steady state. In this context, the excitation signal is ∆P
that looks for the response variable fluid flow Φ, and R is the constant derived from the
first order solution for Equation (14) in Equation (10). Hence, it was possible to correlate
stability parameters with the geometrical and material properties of the designed sensor.

Φ =

(
∆P
R

)
(16)

For this reason, the transducer adapts the signal received from the sensor according to
the value measured of the physical variable to another equivalent (for example, the pressure
difference transduced to its equivalent as an electrical signal, which is from “cmH2O” to
“mV”). In this context, Figure 9 represents the static curve given in the section “A, B, C” for
the coordinate system “X1, Y1”. However, the static curve can help to identify the linear
response regions, by working in linear regions or with non-linear mathematical models.
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It should be noted that depending on the response time of the system (the system is
considered as a research plant), it can lose information in the linearization process, due to
its non-linear behavior, which is the reason why many authors suggest working in linear
zones despite such risks (losing information in linearization process). In addition, the
process of discretizing the signal information may also be lost, such as the dependence on
the response time of the system and the sampling time (important parameter to discretize a
signal).

Based on the conditions described in the previous paragraph, a transducer is neces-
sary to transform the pressure difference into its electrical equivalent (in mV) in order to
obtain the value for the air flow and also the displaced air volume. Theoretically, using
Navier–Stokes models, the following relationship of the three physical variables is achieved:
“pressure, flow and volume”, where the numerical solutions of the differential equations
are also prone to loss of information as a dependence of the methodologies of numerical
approximations in the solutions. However, the disadvantage of a completely theoretical
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correlation is that the modeling of disturbances is frequently not achieved, which is solved
by either approximation modeling or by correlation with experimental data.

Therefore, the transients of the plant’s dynamic system (while it is first-order) for the
sections represented by d0, d1; d2, d3; d4, d . . . and with similar slopes only in the linear
trends “AB” or “BC” are located in the coordinates “X2, Y2”. In such sections, the response
times of the plant (the designed sensor/transducer) can be obtained.

Moreover, for each section, d1, d2; d3 d4, and “d . . . , henceforth” the characteristics
of overshoots, settling time, damping and parameters that indicate the stability of the
designed system can be maintained.

The static and dynamic curves are algebraically interpreted as models of differential
equations (polynomial models). Consequently, the correlation is obtained between the theo-
retical modelling and modelling based on the experimental data analysis results in the final
model of the designed “sensor/transducer” system, that implies a response “Experimental
Model (EM) and Theoretical Model (TM)” from linear (linearized) or completely non-linear
(NLM) models.

Indeed, the system formed by the sensor/transducer represented by “ST” receives a
mechanical signal “Ms1” (fluid mechanical signal for this case, which is pressure difference)
and transforms it into the electrical equivalent “Es” or a response signal “Ms2” (fluid
mechanics variable as volume or airflow equivalent signal). This conversion (transduction)
requires characterization and calibration steps, which are depicted by the scheme sum-
marized in Figure 10. From the static measurement data analysis, is possible to recognize
the linear and nonlinear operations in the ST system. This information is quite important
according to the design of the algorithm, which provides the final information of the ST
measurement, such as the breathing variables of pressure, volume, and airflow.
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In the mathematical model of the sensor/transducer as a system, the transducer is
composed by electronic devices that convert the fluid-mechanic variable of “pressure
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Furthermore, the characterization of each physical variable to be measured is necessary,
with electro/mechanical devices that are able to measure the desired physical variables
being monitored, which is showed in Figure 11.
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3. Experimental Section
3.1. Orifice Plate Diameter Study

The working concept of the orifice plate is to generate a pressure difference which
is related to the flow passing through it [1]. In this sense, different diameters could be
considered; however, an optimum range of diameters presents a balance between the
produced pressure difference sufficiently high to be used on the transduction stage, and
sufficiently low to not to produce significant air flow or pressure drop in the breathing
circuit.

Figure 12 (by views of subfigures a–c) shows the variable orifice-plate flow sensor it is
manufactured by two pipes joined together with a ferrule clamp to have a quick release
mechanism. Downstream of the ferrule clamp, an orifice-plate is welded to the flange. In
this study, 5 parts were fabricated with different diameters: 4, 6, 8, 10, 12 mm. Distances of
the pressure taps to the orifice plate were established according to the design considerations
of an orifice plate air flow sensor [3]. However, the distance of the downstream pressure
tap was not able to be less than half radius because of welding limitations for the geometry.
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3.1.1. Steady State and Dynamic Response

The variable orifice plate air flow sensor was tested for the air flow measurement in
a steady state condition. Figure 13a shows the experimental setup designed for this test,
where the variable orifice plate was installed in the air flow test bench, an air compressor
providing the air flow through the variable orifice plate sensor was included, a pressure
difference transducer based on microphones connected to an Arduino UNO microcontroller
board was integrated and an algorithm was designed and programmed for this transduction
stage. Figure 13b shows a schematic representation of the experimental setup and the
interaction of its components.

3.1.2. Measurement in a Mechanical Ventilator

The variable orifice plate of the air flow sensor was installed in a breathing circuit
connected to a mechanical ventilation system based on cams “OxygenIP.PE” [1]. This
experiment corresponded to the real working conditions of the air flow sensor/transducer
which was designed. A medical gas flow meter Fluke VT650 was connected to the circuit
to obtain the real air flow over time, which is showed by the Figure 14a.

The artificial lung Fluke Accu Lung (a precision test lung) was used in order to simulate
the ventilation parameters, which is showed by the Figure 14b as part of the experiments
setup. This device is able to simulate 3 lung stages, from a healthy lung up to a damaged
lung. A healthy lung corresponds to a compliance of 50 mL/cm H2O and a resistance of
5 cm H2O-s/L, while a damaged lung corresponds to a compliance of 10 mL/cm H2O and
a resistance of 50 cm H2O-s/L. In this sense, for each orifice diameter inside the sensor, the
experiment was run four times, twice for each lung parameters and twice for the minimum
and maximum cams, XS and XL, respectively.
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3.2. Experimental Validation of the Sensor/Transducer Device

In the Figure 15, the designed sensor connected to the mechanical ventilator (Appendix A
contains more details) is depicted; Figure 15a shows the designed sensor is shown to be
connected to the air flow calibrator; and Figure 15b shows the air flow calibrator that needs to
be connected to the personal computer in order to validate the expected measurements, and
all the setup is showed by Figure 15c.
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4. Results
4.1. CFD Simulation Results
4.1.1. Steady State Results

The following results were obtained for the steady state simulations for a 100 L/min
airflow in a 10 mm diameter orifice. Figure 16a shows how the velocity increased as the
area reduced (orifice throat), which is explained by the flow’s intention of conserving
the flow rate (mass conservation and incompressibility assumption). On the other hand,
Figure 16b shows how the static pressure reduced, which occurred in response to the
velocity’s increase. This is explained by the flow’s intention of conserving its momentum.
It must also be noted that the behavior of these contours matched the results presented by
Karthik [19].

4.1.2. Profile of Mechanical Ventilator Curves

A certain (expected) proportionality between the airflow and difference pressure
curves is shown in Figure 17a. It is widely known that a higher pressure drop corresponds
to a more abundant flow. This is explained because in turbulent flows the pressure loss is
proportional to the flow velocity squared. This diameter alternative presents a maximum
pressure drop of 274.28 Pa for a corresponding airflow of 67.74 L/min. Next, the steady and
transient state analysis results were compared and plotted. Figure 17b shows an excellent
similarity between the transient and steady state curves for the plotted points. Although a
margin is observed between both curves, a good estimate of the transient behavior of the
sensor can be modeled using steady state approximations. This behavior was expected,
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since Funk et al. [20] concluded in their work that steady state approximations can be used
in transient situations with excellent or valid results for most engineering applications.
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4.2. Experimental Results
4.2.1. Steady State

In the following paragraphs, the results of experimental tests to verify the results of
the proposed ST in steady state are provided. The analyses were made by comparisons
with a Fluke instrumentation equipment, because the steady state information helped to
obtain an understanding of the response of the designed ST under disturbances, such as
unexpected overshoots or electromagnetic noise. In that context, the tests were run for the
4 mm diameter sensor/transducer and a steady-state inlet pressure of 5 mBar, 10 mBar and
20 mBar provided by an air compressor. A graphical comparison between the airflow plots
is shown in Figure 18. The “Fluke” curve provides information of the airflow measured by
the “Fluke” analyzer, and the “ST” curve shows the airflow as a response of the designed
sensor/transducer ST.
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The pressure difference curves are plotted together next in Figure 20. Each curve
provides information of the pressure measured by the sensor/transducer in Pascal.
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Figure 20. Pressure measured by ST (Pa), for diameter 4 mm (Inlet pressure: 5, 10, 20 mBar).

The tests were run for the 8 mm diameter sensor/transducer and a steady-state inlet
pressure of 10 mBar, 20 mBar and 30 mBar was provided by an air compressor, for which
the plotted airflow curves are shown in Figure 21. The “Fluke” curve provides information
on the airflow measured by the “Fluke” analyzer, and the “ST” curve shows the airflow as
the response of the designed sensor/transducer ST.
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The transduced pressure difference curves in mV are shown in Figure 22. Each curve
provides information on the pressure measured by the sensor/transducer in mV.
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On the other hand, the pressure difference curves are shown in Figure 23. Each curve
provides information on the pressure measured by the sensor/transducer in Pascal.
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Figure 23. Pressure measured by ST (Pa), for diameter 8 mm (Inlet pressure: 5, 10, 20 mBar).

4.2.2. Open and Close Loop

Figure 24 shows the behavior of the airflow obtained by the designed sensor transducer
(ST curve) in comparison with the airflow reference pattern (Fluke curve measured by the
Fluke equipment). It is possible to understand that the ST system can measure changes in
airflow when the tester prototype is closed or open to evaluate the steady state behavior of
the designed ST. Nevertheless, it was possible to develop better responses of the system
such as the dependence of the diameter of the ST, and the best responses (less error percent
between ST and Fluke measurements) were achieved with orifice diameters of 8, 10 and
12 mm.
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Figure 24. Airflow comparison in open loop and closed loop for the ST evaluation.

Figure 25 shows the pressure difference measured by the designed ST for a closed
loop (upper subfigure) and open loop (lower subfigure). The ST system can detect changes
or tendencies to maintain a steady state as a consequence of an open or closed loop of the
tester prototype; therefore, it was possible to measure this pressure difference with the
designed ST.
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4.2.3. Dynamic Response

Figure 26 presents the dynamical response of the system ST to a pressure excitation
signal given by 10, 20, 30 mBar obtained through the airflow regulated by the air compressor
of the tester prototype, with an orifice diameter of 4 mm. It was found that ST cannot
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provide a faster response in the presence of transient changes (red curves for airflow,
pressure difference and volume).
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Figure 26. Flow, pressure difference and volume by dynamic analysis.

This can be explained by the geometrical characteristics of the ST and its nonlinear
behavior in diameters from 4 mm to 6 mm; however, the ST system can provide a better
response in the presence of disturbances or transient changes when the orifice diameter is
between 8, 10 and 12 mm. The reference corresponds to the measurements of the Fluke
equipment (blue curve for airflow, pressure difference and volume).

For the 8 mm diameter sensor/transducer and the mechanical ventilator excitation
signals, the ventilation curves are shown in Figure 27. In every subfigure, the medical gas
flow meter Fluke VT 650 proportionated the blue color curves in low frequency speed and
red color for high frequency speed, which provide information on the volume, pressure and
airflow (subfigures I–III), and the ST curves provide the volume, pressure, airflow the green
color curves in low frequency speed and yellow color for high frequency speed (subfigures
I–III). During the 2 min of measurement, the ST demonstrated a faster and robust sensor
behavior (for 8 mm of diameter) as a consequence of the dynamical evaluation made by a
low-cost mechanical ventilator based on cams OxygenIP.PE.
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Figure 28 shows the airflow curves for the 8 mm diameter sensor/transducer and
the mechanical ventilator excitation signals. In every subfigure, the Fluke curves (blue
color) provide information on the airflow measured by the medical gas flow meter Fluke
VT 650 and the ST curves (red color) represent the airflow measured by the designed
sensor/transducer.
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airflow range of work between 75 L/min and 105 L/min.

During the 1 min of measurement, the ST shows a faster and robust sensor behavior
as a consequence of the dynamical evaluation made using an air compressor in the range
of work from 75 L/min to 105 L/min.

5. Discussion
5.1. Data Interpretation Analysis

In order to interpret the experimental data with the designed algorithm, it was neces-
sary to establish a correlation with the theoretical model to enhance the adaptive parameters
of the polynomial model analyzed in Section 2.5.

Therefore, the experimental analysis of the designed polynomial model was correlated
with Equation (18) in the theoretical model, as this equation gives the pressure difference “∆P”
as dependence on the airflow “Φ”, geometrical parameters “A2, A1” and flow density “ρ”.

∆P =

(
Φ
A2

)2(ρ

2

)(
1 −

(
A2

A1

)2
)

(17)

The theoretical model only produces a quadratic relationship between the airflow with
the pressure difference, while “A2” tends to decrease, the pressure difference and airflow
tend to increase.

Since the airflow for the breathing analysis had an “increasing and decreasing behav-
ior”, to obtain an appropriate measurement with the designed ST, the static and dynamic
behavior of the sensor was studied using an adaptive analysis of the polynomial model.

Therefore, the static behavior was provided as a dependence of “airflow, pressure
difference, and diameter”. Figure 29 depicts a flow and two points crossing its axis, for
which P1, V1, Y1 and P2, V2, Y2 are the pressure, flow speed, and position at points 1 and
2, respectively.
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Figure 29. Schematic representation of airflow transmission through points 1 and 2.

The static curve gives the relation among two variables in order to identify a linear
and nonlinear range of work; therefore, it is possible to understand its dynamic behavior.

The dynamical analysis of the airflow attempts to obtain the linear answer of the
system so that the ST can make estimations of the physical variables volume, and pressure
as a consequence of the pressure difference, which was achieved by the correlation between
the experimental and theoretical analyses described in previous chapters. Therefore, the
curves “A, B, and C” represent the airflow curves that were expected to be achieved in the
characterization of the interpretation data with the ST, which is depicted by the Figure 30.
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Figure 30. Schematic representation of the airflow dynamic and static behavior.

Two types of studies were performed, one for the static responses of the ST system,
and another for the dynamic ones. The first was conducted using a tester prototype with a
compressor as an air source, which is depicted in Figure 31 and was used for the static and
dynamic tests. The pressure difference measured by the sensor was calibrated in order to
provide the same response as the air flow meter Fluke. Finally, the other group of static
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and dynamic tests was performed with the mechanical ventilator as the air source. Hence,
the pressure difference registered provided information to understand the dynamics of the
breathing variables (pressure, volume and airflow) in order to understand the behavior of
the sensor/transducer as part of the ventilation circuit.
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Figure 31. Block diagram testing transducers.

The designed ST depends on the diameter and pressure difference; for this reason, it
was necessary to choose which transducer to use to obtain the electrical equivalent of the
pressure difference. Finally, the evaluated alternatives were as follows: transducer MAS1,
the integrated circuit MDPDX10P, the transducer constructed with two small microphones
sourced from the ARDUINO company, and a transducer based on nanostructures. Different
alternatives are shown in Figure 31.

The measured pressure difference by the designed ST was central to obtaining the
airflow after a transduction process, which was obtained by MDPX and MAS1, making the
electrical equivalent conversion from air pressure difference signal to airflow signal in Volts.
The electrical transduction was performed with two microphones measuring decibels and
correlating with pressure by converting the response to volts. The electrical equivalence
values help to analyze the statistics of the physical variables “air pressure, volume and
airflow” as a consequence of the designed algorithms by polynomial (as they are depicted
by “Algor Ans1”, “Algor Ans2”, and “Algor Ans3” in Figure 31) correlations between the
transduction signals. However, in order to enhance the robustness and response time of
the designed ST, we modified the samples that receive the pressure difference by samples
based on nanostructures of AAO, as is depicted in S1, S2 in Figure 31, which also send the
transduction information through the algorithm depicted by “Algor Ans4”.

The best estimation of the breathing physical variables “airflow, pressure, and volume”
was chosen because of the pressure difference transduction techniques that were studied in
the previous chapters. These microphone-based transducers obtained estimated variables
with a maximum error of 1% in a steady state, while the MAS1-based transducer estimated
variables with a 0.95% error in a steady state. In turn, the MDPX-based transducer presented
a steady-state error of around 2%. However, the cost of the microphone-based transducer
was around 70% cheaper than the most expensive transducer, the MAS1. For this reason,
the microphone-based transducer was selected as the main transducer for the designed ST.

When performing the main analysis of the transducer algorithm, we sought to identify
the adaptive coefficients from the experimental data obtained by the transducer and the
polynomial identification estimate using pressure difference “DP”, the pressure “P”, the
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airflow “F”, and the volume “V”. If the adaptive estimation was predicted according to the
reference variable with an error of less than 1% in the steady state, then the ST provided
information on the breathing variables, which is depicted in Figure 32.
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Figure 32. Flow diagram of the ST measurement and data storing.

Therefore, it was necessary to define the input variables in order to correlate the
estimated responses under the dependencies of the references variable. Figure 33 shows
the two input variables of the system from the data interpretation analysis, which are given
by the pivot displacement in sexagesimal degrees (red curve color curve in subfigure III of
Figure 33). The pressure difference in its electrical equivalent (mV) was considered as a
second input or excitation variable (blue color curve in subfigure I of Figure 33). Moreover,
the pressure difference measured by the nanosensor based on nanostructures, as shown in
subfigure II, revealed that the nanostructure sensor maintains a rapid response time and
robustness under disturbances of the pivot (green color curve in subfigure II of Figure 33).
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Figure 33. Motor angle displacement and microphones answer.

As a consequence of the input excitation signals, it was possible to achieve and
identify the adaptive coefficients which were evaluated in high and low operation because
the frequency range of the requirements is between 15 Hz and 20 Hz.
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Therefore, Figure 34 shows the result of the ST as a consequence of the electrical
transduction from the pressure difference to the airflow values in millivolts for cams of
extra small, medium, and extra-large sizes. The obtained data are presented in Figure 34 in
subfigures I–III, in which blue indicates high frequency and red curves low frequency.
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Figure 34. Microphones in high and low operation.

On the other hand, it is apparent that for the ST response as a consequence of the
electrical transduction from the pressure difference to the airflow values in millivolts for
cams of extra small, medium, and extra-large sizes, the information achieved is shown in
Figure 34 for the subfigures I–III, in which the blue color indicates high frequency and red
represents low frequency. With this information, it is possible to identify a linear range of
work.

The ventilator works as an intermediatory for the signal received from the rotor
position sensor (RS1(AS5047) and RS2) used to measure the rotor speed of the motor and
control it with a driver (DR1) that has its own control system with its own actuator and
sensor with an electrical current to the motor (M).

This is the reason why a controller (as central control unit) also requires the signal
from a rotor position sensor to measure the angular displacement of the pivot to provide
an estimation of the air volume, and finally, the airflow sensor (FS1), which has its own
transduction algorithm to provide information to medical doctors through the touchscreen
panel, as depicted in Figure 35.
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The ST achieved good performance for the diameter of 8 mm due to its optimal
response based on appropriated magnitudes and tracking for the mechanical ventilator
curves. In the “data interpretation analysis” the ST with an orifice diameter of 10 mm
was used. Despite the nonlinear response, the airflow was obtained because of the good
performance of the ST algorithm in transducing the pressure difference signal to the airflow
variable for a larger range of work (low and high speed of the ventilator).

The range of work of the test was limited to a high frequency of 20 Hz and a low
frequency of 15 Hz. The transduction was achieved with the microphone sensors used to
obtain the pressure difference as is shown in Figure 36I, where the blue curve provides
information about the system working at high speeds and the red curve for low-speed
operation. Figure 36I shows that at high speeds it was possible to obtain an increased
amplitude (50 percent). Both signals were achieved in millivolts due to the transducer
(small microphones) having greater sensitivity at higher speeds.

Mathematics 2022, 10, x FOR PEER REVIEW 27 of 36 
 

 

The ST achieved good performance for the diameter of 8 mm due to its optimal re-
sponse based on appropriated magnitudes and tracking for the mechanical ventilator 
curves. In the “data interpretation analysis” the ST with an orifice diameter of 10 mm was 
used. Despite the nonlinear response, the airflow was obtained because of the good per-
formance of the ST algorithm in transducing the pressure difference signal to the airflow 
variable for a larger range of work (low and high speed of the ventilator). 

The range of work of the test was limited to a high frequency of 20 Hz and a low 
frequency of 15 Hz. The transduction was achieved with the microphone sensors used to 
obtain the pressure difference as is shown in Figure 36I, where the blue curve provides 
information about the system working at high speeds and the red curve for low-speed 
operation. Figure 36I shows that at high speeds it was possible to obtain an increased am-
plitude (50 percent). Both signals were achieved in millivolts due to the transducer (small 
microphones) having greater sensitivity at higher speeds. 

Furthermore, it was necessary to define the input variables to correlate the estimated 
responses under the dependencies of the reference variable (analyzed in previous chap-
ters). Figure 36II shows the input variables of the system from the data interpretation anal-
ysis, which are given by the motor displacement in sexagesimal degrees, with the blue 
curve indicating high speed and red curve representing low speed. It is necessary to re-
member that motor displacement causes pivot displacement and it is enough to use only 
one sensor to achieve the angle displacement during the polynomial correlation variable 
analysis. 

Therefore, the main variable obtained from the ST is the airflow rate, given by the 
transduction operation supported by the predictive estimations for the other breathing 
variables “volume and pressure” obtained by the polynomial analysis (described in chap-
ters lines above) from the airflow variable. 

Figure 36III–V presents the airflow rate, volume, and pressure, respectively, in which 
the blue color curves are the airflow, volume, and pressure in high-frequency operation, 
and the red color curves are the airflow, volume, and pressure in low-frequency operation, 
which were obtained as a consequence of the predictive/adaptive algorithm; however, it 
is necessary to keep in mind the importance of the previous data analysis during the char-
acterization and calibration of the ST to obtain the presented results. 

 
Figure 36. Microphones answer in high and low operation and small and big cam. 

It was necessary to develop a multivariable control algorithm to control the respira-
tory variables (air flow, pressure and volume), hence the pressure difference transduced 
in volume, air flow and pressure as respiratory variables required a multivariable control 
algorithm, which was able to control the rotor speed of the mechanical ventilator motor, 
the air pressure difference and the air flow, as the implicit function, pressure and volume. 

Figure 36. Microphones answer in high and low operation and small and big cam.

Furthermore, it was necessary to define the input variables to correlate the estimated
responses under the dependencies of the reference variable (analyzed in previous chapters).
Figure 36II shows the input variables of the system from the data interpretation analysis,
which are given by the motor displacement in sexagesimal degrees, with the blue curve
indicating high speed and red curve representing low speed. It is necessary to remember
that motor displacement causes pivot displacement and it is enough to use only one sensor
to achieve the angle displacement during the polynomial correlation variable analysis.

Therefore, the main variable obtained from the ST is the airflow rate, given by the
transduction operation supported by the predictive estimations for the other breathing
variables “volume and pressure” obtained by the polynomial analysis (described in chapters
lines above) from the airflow variable.

Figure 36III–V presents the airflow rate, volume, and pressure, respectively, in which
the blue color curves are the airflow, volume, and pressure in high-frequency operation,
and the red color curves are the airflow, volume, and pressure in low-frequency operation,
which were obtained as a consequence of the predictive/adaptive algorithm; however,
it is necessary to keep in mind the importance of the previous data analysis during the
characterization and calibration of the ST to obtain the presented results.

It was necessary to develop a multivariable control algorithm to control the respiratory
variables (air flow, pressure and volume), hence the pressure difference transduced in
volume, air flow and pressure as respiratory variables required a multivariable control
algorithm, which was able to control the rotor speed of the mechanical ventilator motor,
the air pressure difference and the air flow, as the implicit function, pressure and volume.
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5.2. Rotor Speed Control of the Mechanical Ventilator Motor

The rotor speed control of the mechanical ventilator motor was achieved by an adap-
tative predictive model, for which a system identification of the motor physical parameters
was necessary. However, unexpected disturbances caused by vibrations during the cam
movement can reduce the performance of the control. Therefore, it was necessary to design
a PID (Proportional, Integral and Derivative) control as part of the identification system to
achieve the physical parameters of the mechanical ventilator motor.

Hence, the control inside the identification of the motor parameters was obtained
by the classic PID controller equation in the Laplace (S) domain, in which KPp is the
proportional constant, KIp is the integral constant, and KDp is the derivative constant.

PID(S) = KPP +
KIp

S
+ KDpS (18)

The plant (mechanical ventilator motor) was analyzed in two sections, namely the elec-
trical section and the mechanical section which are described in the following paragraphs.

Rotor Control Position of the Mechanical Ventilator Motor as a Function of Electrical
Current

The rotor control position of the mechanical ventilator motor is depicted by the block
diagrams in Figure 37. Inp(S) is the electrical current signal as the input excitation signal,
Yans(s) is the position response that is necessary to obtain the speed of the motor, Cont(S)
is the controller during the identification system, Plant(S) is the transfer function for the
plant that is the electrical motor composed by its electrical subsystem and its mechanical
subsystem, and Sens(S) is the transfer function for the position sensor.
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Using the algebra analysis from the block diagram depicted above, the following is
obtained:

Inp(S)− Sens(S)Y(S)Cont(S)MS(S) = Y(S) (19)

From which following equation is achieved:

Yans(S)
Inp(S)

=
Cont(S)Plant(S)

1 + Cont(S)Plant(S)Sens(S)
(20)

In Equation (20), the transfer function for the rotor position sensor is generalized, but
in spite of that, the response time of the position sensor is very short in comparison to the
speed of the motor. Hence, its transfer function was reduced as Sens(S) = Ks. Therefore, the
characteristic equation is given by Equation (21), in which m is the mass of the rotor motor,
ki is the electrical current coefficient of the motor and ky is the displacement coefficient of
the motor. (

KPP +
KIp

S
+ KDp S

)(
Ki

m S2 + Ky

)
Ks + 1 = 0 (21)



Mathematics 2022, 10, 2403 26 of 32

The reduction of the equation above is given by Equation (22).(
KDp S2 + KPpS + KIp

)
KIKS + S(mS2 + Ky) = 0 (22)

Equation (22) is organized in Equation (23) as a polynomial in descending order.

S3 +

(
KDpKiKs

)
m

S2 +

(
KPpKiKs + Ky

)
m

S +
KIpKiKs

m
= 0 (23)

The controller’s parameters need to be obtained by different methodologies such as a
stability analysis and a comparison with the theoretical model of dynamic systems given
by Equation (24) [21], in which ω0 is the natural frequency for the system, ε is the damping
effect, and α is the coefficient as the auxiliary connector between Equations (23) and (24).

S3 + ω0(2ε+ α)S2 + ω0
2(1 + 2εα)S + α ω0

3 = 0 (24)

Therefore, the controller parameters KPp and KIp, can be obtained by the compari-
son of the coefficients from Equations (23) and (24), from which Equations (25)–(27) are
proposed as functions of Ki, Ks, KDp, m, ω0 and ε.(

KDpKiKs
)

m
= ω0(2ε+ α) (25)

(
KPpKiKs + Ky

)
m

= ω0
2(1 + 2εα) (26)

KIpKiKs

m
= α ω0

3 (27)

Moreover, α is obtained from Equation (27) and represented by Equation (28)

α =
KIpKiKs

mω03 (28)

The controller parameter KIp is obtained by analyzing Equations (25)–(28), and pre-
sented in Equation (29)

KIp = KDpω0
2 − 2εmω0

3

KiKs
(29)

In a similar context, the controller parameter KPp is obtained with Equations (25)–(29),
and presented in Equation (30).

KPp =
2εKiKsKDpω0 + mω0

2(1 − 4ε2)− Ky

KiKs
(30)

Therefore, Equations (29) and (30) are the integral and proportional controller param-
eters that determine the controller parameter KDp, which can be analyzed as a reference
parameter (analyzed by stability of the dynamic system) to find the PID control for the
motor of the mechanical ventilator. However, the identification parameters of the motor
require a controller with slow reactions to provide sufficient time to identify the parameters
of the system, and the controller selected for the identification of the physical parameters
of the mechanical ventilator motor was a PI controller, hence the derivative parameter KDp
becomes null, and Equation (30) can be obtained from Equation (29), thereby providing the
integral parameter of the PI controller.

KIp = −2εmω0
3

KiKs
(31)
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Finally, Equation (32) is the proportional parameter of the PI controller obtained from
Equation (30) when the derivative parameter is null.

KPp =
mω0

2(1 − 4ε2)− Ky

KiKs
(32)

5.3. Model Predictive Control Analysis

While the above results indicate good control, they lack a fast response which could be
obtained using a predictive model, such as an Optimal Predictive Control model described
in more detail in the following (Appendix B).

The optimal excitation signal in order to find the optimal response is given by [1,13]

∆S = (φTφ+ A)
−1
φT(AS − LX(ki)) (33)

Therefore, using the last equation, the optimal control response for the pressure
difference can be achieved, as well as the rotor speed and implicitly the volume, airflow
and pressure. Moreover, the optimal response control can be enhanced by the specific
weight matrix “W” that must be included in Equation (A5). Equation (33) has similarities
with Equation (A9) but the difference is given by the adaptive matrix coefficient “φ”,
because for this analysis the matrix depends only on the requirement control strategies
while maintaining its dependence on “ϕ” (the geometrical and material coefficients of the
designed ST).

As a consequence, the main control algorithm was designed using the adaptive cascade
model, which is depicted in Figure 38 in which “U1” is the input variable (pressure
difference measured by the designed ST) and the internal response variable is the air flow
“U2”, which is the input variable used to obtain the pressure “Y1” and volume “Y2”,
moreover the internal control variable of the rotor speed has a correlation with the desired
airflow required by the mechanical ventilator.
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To evaluate the performance of the designed ST in comparison with its enhancement
based on AAO nanostructures, experiments of the mechanical ventilator controlled by the
adaptive cascade algorithm in Huancayo (3250 m over sea level) were conducted. It can
be seen in Figure 39I that the curves as well as the controlled air flow (implicit) measured
by the designed ST (blue colour curve) and the air flow measured by the designed ST
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enhanced by nanostructures (red colour curve) were obtained with a steady state error of
1.4% of the ST and 0.8% for the ST enhanced by nanostructures.
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In Figure 39II the curves of the controlled volume (implicit) and measured by the
designed ST (blue colour curve) as well as the volume measured by the designed ST
enhanced by nanostructures (red colour curve) are presented, with a steady state error of
1.5% of the ST and 0.7% of the ST enhanced by nanostructures.

Furthermore, in Figure 39III the curves of the controlled pressure (implicit) and mea-
sured by the designed ST (blue colour curve) as well as the pressure measured by the
designed ST enhanced by nanostructures (red colour curve) are shown, with a steady state
error of 1.8% for the ST and 0.8% for the ST enhanced by nanostructures.

Therefore, the designed ST of nanostructures (TiO2 nanotubes) based on Anodic Alu-
minium Oxide (AAO) provided better results in robustness, response time and resolution,
which supported measurements from the approximated range of operation between 0.985
atm (Lima) and 1 atm (Huancayo).

6. Conclusions

A sensor/transducer (ST) was designed to measure the pressure difference through an
orifice plate and to obtain the airflow rate, volume and pressure over time to register the
performance of mechanical ventilators. The geometrical characteristics of the proposed sensor
based on an orifice plate were researched in order to identify the appropriate parameters to
measure the physical variables. The diameter has an important influence on the performance
of the sensor; in this sense, a diameter of 8 mm provides the optimal response, in terms of
magnitudes and tracking, for the mechanical ventilator curves without significantly increasing
the pressure inlet for the breathing circuit which is provided by the mechanical ventilator. A
diameter in the range of 4 mm to 6 mm can achieve the pressure difference of airflow, but with
a nonlinear response and for the range between 10 mm and 12 mm, the ST can measure the
physical variables in linear responses for breathing values (it can be used to measure airflow
shared by several patients connected to one mechanical ventilator as a future application).
Therefore, it was suggested to use the ST with a diameter of 8 mm due to its linear response and
robustness under disturbances.

The mathematical model of the system was designed and evaluated. Consequently, an
algorithm was also designed to obtain the airflow, volume and pressure from the pressure
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difference, which were obtained by the transduction process of the transducer joined to
the designed sensor. Moreover, the ST system was analyzed in dynamical and transient
behavior for ranges of work that depended on geometrical parameters and physical values
of airflow, pressure, and volume of mechanical ventilators for artificial human breathing,
This is a novel proposed sensor design such as other new proposals [22–24] because of the
multiple variable correlation also variables considered like disturbances (temperature and
vibration) and considering the effect of nanostructures in this objective.

For a given orifice diameter, a correlation was observed between the pressure dif-
ference and the airflow. This correlation was not linear, but instead showed a parabolic
tendency. Secondly, similar results and tendencies were observed between the steady-state
and transient-state simulations. Therefore, it can be concluded that a steady-state approach
(and its corresponding assumptions) can be considered to validly describe the transient
behavior of this orifice plate sensor.

For a given flow, the smaller the orifice diameter, the larger the pressure difference
induced in the orifice plate. This could happen because, for a given flow, a smaller orifice
diameter requires the flow to pass through the opening. This increases the flow velocity,
but at the cost of reducing the flow pressure at the outlet, resulting in greater pressure
differences in the orifice plate. Therefore, a bigger inlet pressure would be necessary to
help the flow overcome the pressure loss in the pipes. It can also be concluded that a plate
with a smaller orifice diameter would be the best for this sensor. Taking this into account,
lower pressure drops would occur in the plate, which would not considerably affect the
flow, while at the same time being large enough to be detected by the ST and still being in
the measuring range.

The designed ST enhanced by nanostructures of anodic aluminium oxide can provide
a faster and robust response for geographic conditions where the atmospheric pressure
level is different, as was the case in this research (tests in Lima and Huancayo). The
nanostructure samples used for the designed sensors have the potential to fix adaptive
coefficients to improve the operating work and enhance the response system (breathing
variables) in case of disturbances.
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Appendix A

This appendix describes the special equipment designed for the validation and mathe-
matical characterization of the air flow sensor in different working conditions of air flow
and the low-cost mechanical ventilator based on cams where the air flow sensor was
installed.

Appendix A.1. Steady State Air Flow Test Bench

In order to determine the optimal orifice diameter for the medical flow sensor in
stationary conditions, a test bench was specially designed for this experiment (Figure A1).
The holders of the sensor can be seen in the diagonal view (Figure A1a) and the side view
(Figure A1b) of the test bench, which are quite important due to keep the correct position
of the sensor during the experiments. It consists of a pipe where an air flow is induced by
an air compressor, a fixed orifice plate to the pipe for flow measurement and a variable
orifice-plate flow sensor. The fixed orifice plate was calibrated with a medical gas flow
meter Fluke VT650 in a validation laboratory implemented in the COVID19-pandemic
context at the Pontificia Universidad Católica del Perú. This fixed orifice-plate can help
to determine the real flow through the variable orifice-plate flow sensor. In this sense, the
orifice diameter can be changed and the relation between real flow and pressure difference
can be obtained.
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Appendix A 
This appendix describes the special equipment designed for the validation and math-

ematical characterization of the air flow sensor in different working conditions of air flow 
and the low-cost mechanical ventilator based on cams where the air flow sensor was in-
stalled. 

Appendix A.1. Steady State Air Flow Test Bench 
In order to determine the optimal orifice diameter for the medical flow sensor in sta-

tionary conditions, a test bench was specially designed for this experiment (Figure A1). 
The holders of the sensor can be seen in the diagonal view (Figure A1a) and the side view 
(Figure A1b) of the test bench, which are quite important due to keep the correct position 
of the sensor during the experiments. It consists of a pipe where an air flow is induced by 
an air compressor, a fixed orifice plate to the pipe for flow measurement and a variable 
orifice-plate flow sensor. The fixed orifice plate was calibrated with a medical gas flow 
meter Fluke VT650 in a validation laboratory implemented in the COVID19-pandemic 
context at the Pontificia Universidad Católica del Perú. This fixed orifice-plate can help to 
determine the real flow through the variable orifice-plate flow sensor. In this sense, the 
orifice diameter can be changed and the relation between real flow and pressure differ-
ence can be obtained. 

 

(a) 

 

(b) 

Figure A1. Air flow test bench designed for model validation. 

Appendix A.2. Mechanical Ventilation System Oxygen IP.PE 
OxygenIP.PE is a low-cost functional mechanical ventilation prototype based on 

cams [1] OxyGEN-IP, which was developed by Protofy [6]. A redesign was carried out 
according to the special requirements and available technology in Peru; however, the 
working concept (compression mechanism) established by Protofy was maintained due 
to the satisfactory results [25]. Figure A2 shows the OxygenIP.PE mechanical ventilator. 

Figure A1. Air flow test bench designed for model validation.

Appendix A.2. Mechanical Ventilation System Oxygen IP.PE

OxygenIP.PE is a low-cost functional mechanical ventilation prototype based on
cams [1] OxyGEN-IP, which was developed by Protofy [6]. A redesign was carried out
according to the special requirements and available technology in Peru; however, the
working concept (compression mechanism) established by Protofy was maintained due
to the satisfactory results [25]. Figure A2 shows the OxygenIP.PE mechanical ventilator.
Its working concept consists of an air bag compression mechanism based on cams to
produce a pressure increment inside the cam and then air flow to the patient through a
breathing circuit. Moreover, it can work with five different cams depending on the air
volume requirement for a particular patient.
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Appendix B

In this research, it was necessary to work with strategies of Model Predictive Control
(MPC) to join both subsystems (mechanical and electrical) for the main algorithm, for which
an internal identification system was used, while adaptive control coefficients/weights
searched for the right control. Therefore, the nonlinear function “g” and internal variables
“z(t)” due to excitation “v(t)” as a function of time “t” were important.

dx(t)
dt

= g(z(t)v(t), θ) (A1)

On the other hand, “m(t)” correlated with “z(t)” and “v(t)” through a nonlinear function
“n”.

m(t) = n(z(t), v(t), θ) (A2)

Additionally, “AS” represents trajectory and the input excitation “O” is included
depending of the sample time ki.

AT
s = (111 . . . 11111)O(ki) (A3)

So, the costing function “J” was analyzed to achieve the optimal desired response [21].

J = (AS − Y)T(AS − Y) + ∆ST A∆S (A4)

In which the expected response is

Y = LX(ki) +φ∆S (A5)

Otherwise,

J = (AS − LX(ki))
T
(

AS − LX(ki))− 2∆STφT(AS − LX(ki)
)
+ ∆UT(φTφ+ A)∆S (A6)

where “L” and “φ” are matrices that contain all the physical parameters of the system (as
joining matrices above for the identified result) [21].

∂J
∂∆S

= −2φT (AS − LX(ki)) + 2(φTφ+ R
)

∆S (A7)

So
∂J

∂∆S
= 0 (A8)
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From which the optimal excitation signal in order to find the optimal response is given
by [1,21]

∆S = (φTφ+ A)
−1
φT(AS − LX(ki)) (A9)
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