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Abstract

For the 2020-2021 biennium, cardiopulmonary diseases ranked third in the group of the rst
ve causes of mortality in Colombia, a gure that is even more overwhelming when it comes to
COVID-19 infection solely [1]. Bearing this in mind, it can be stated that the number of people
su ering from these diseases and/or the sequelae they leave is considerable, often requiring
respiratory physiotherapy processes to cope with their recovery. In this regard, physiotherapy
plays an important and decisive role in the life of each patient who su ers the aftermath of
diseases, making it imperative to develop alternatives to accompany these processes.

Currently in Colombia, the support devices for the accompaniment of physiotherapies do
not provide su cient information regarding the physiological variables involved in the recovery
process of the patient. With all this said, this Bachelor's Dissertation will address the design
and implementation of an electronic system capable of monitoring and accompanying the re-
covery process of patients in pulmonary re-expansion physiotherapy, one of the most important
physiotherapy classes for the functional recovery of the respiratory system. Consequently, the
inventive methodologies TRIZ and Design Thinking will be used, which will provide a guiding
path towards the systemic and integral analysis of the project, as well as a gradual approach
towards innovative solutions focused on the needs of patients and physiotherapists. The conver-
gence of the implementations carried out throughout the course of the project will be supported
by the application of the Axiomatic Design and the determination of value criteria suggested
by the AHP decision-making technique.

Meanwhile, the implementation and results were mostly developed in three fundamental
phases: the rst one deals with the approach of a respiratory ow monitoring system through
the NI LabVIEW graphical interface which, although not focused on the precise measurement
of the physiological variable, provided a receptive environment with which the rst impressions
of the project were obtained; the second one corresponds to the implementation of the nal
prototype of the project through a microcontrolled system, with which it is possible to acquire
and process the respiratory ow, and determine the volume and respiratory frequency; the third
one covers the acquisition modeling of the respiratory ow through the di erential pressure
principle in Ori ce Plate sensors, which is based essentially on the ISO 5167 standard and
subsequent adaptations to make it viable in medical spirometry applications.

This local project is part of the research project Respiratory incentive system for lung re-
expansion in patients with sequelae of COVID-19and is mainly focused on the development of
the electronic system.



Resumen

Para el bienio 2020-2021, las enfermedades cardiopulmonares ocuparon el tercer lugar en
el grupo de las primeras cinco causas de mortalidad en Colombia [1], cifra que es ain nas
contundente cuando se trata solamente de la infeccon por COVID-19. Con esto en consideracon,
es posible aseverar que el rumero de personas que atraviesan por estas enfermedades y/o por las
secuelas que dejan es considerable, necesitando a menudo de procesos de sioterapia respiratoria
para hacer frente a su recuperacon. En este sentido, la sioterapia entra a jugar un papel
importante y decisivo en la vida de cada paciente que sufre las consecuencias posteriores a las
enfermedades, haciendo imperante el desarrollo de alternativas que permitan acompanar estos
procesos.

Actualmente en Colombia, los dispositivos de apoyo para el acompanamiento de las sioter-
apias no proporcionan su ciente informacon al respecto de las variables siobgicas envueltas
en el proceso de recuperacon del paciente. Con lo anterior en mente, en esta Disertacon de
Pregrado se abordaa el diseno y la implementacon de un sistema electonico capaz de moni-
torear y acompanar el proceso de recuperacon de los pacientes en sioterapia de re-expanson
pulmonar, una de las clases de sioterapia mas importantes para la recuperacon funcional del
sistema respiratorio. Consecuentemente, se haa uso de las metodologas inventivas TRIZ y
Design Thinking, que brindaan un camino de gua hacia el aralisis sisemico e integral del
proyecto, as como un acercamiento paulatino hacia soluciones innovadoras centradas en las
necesidades de los pacientes y sioterapeutas. La convergencia de las implementaciones llevadas
a cabo a lo largo del desarrollo del proyecto, sean soportadas en la aplicacon del Diseno Ax-
iomatico y la determinacon de criterios de valor sugeridos por la ecnica de toma de decisiones
AHP.

La implementacbn y la obtencbn de resultados se desarrolb mayoritariamente en tres fases
fundamentales: la primera aborda la aproximacon de un sistema de monitoreo del ujo respi-
ratorio a trawes de la interfaz ga ca de NI LabVIEW que, aunque no estaba enfocada en la
medicon precisa de la variable siobgica, brincd un ambiente receptivo con el que se obtu-
vieron las primeras impresiones del proyecto; la segunda, corresponde a la puesta en marcha
de el prototipo nal del proyecto a trawes de un sistema microcontrolado, con el que es posible
adquirir y procesar el ujo respiratorio, y determinar el voumen y frecuencia respiratoria; la
tercera, abarca el modelado de la adquisicon del ujo respiratorio a trawes del principio de
preson diferencial en sensores de Placa de Ori cio, el cual est basado fundamentalmente en la
normativa 1ISO 5167 y posteriores adaptaciones para hacerlo viable en aplicaciones nedicas de
espirometra.

Este proyecto local hace parte del proyecto de investigacorSistema incentivo respiratorio
para re-expanson pulmonar en pacientes con secuelas de COVID-19 se centra funamental-
mente en el desarrollo de el sistema electonico.
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Chapter 1

Introduction

Reduced respiratory capacity is common after surgical procedures or diseases of the respi-
ratory system that weaken or atrophy the muscles and organs responsible for carrying out the
breathing process. To cope with the serious consequences caused by these conditions, it is neces-
sary for the a ected persons to start a proper rehabilitation process, so that later complications
can be avoided and daily activities can be resumed. Nowadays, one of those rehabilitation pro-
cesses consists of pulmonary re-expansion physiotherapies, in which the patient must go through
a set of special exercises prescribed by the physiotherapist to recover his pulmonary functions.
In Colombia, this type of physiotherapies are accompanied by the use of pneumatic equipment
to monitor the pulmonary function of the patients. Nevertheless, there are several circumstances
that compromise the real e ectiveness of the equipment currently used in physiotherapy pro-
cesses, which has increased the importance of innovation in the support of these processes, in
order to make up for the de ciencies in information, handling and performance obtained with
the current devices.

Along these lines, the timely recovery of the health of patients has posed enormous challenges
to health systems, not only in Colombia, but throughout the world, among which stands out the
promotion of an e ective, well-monitored and adequately instructed treatment of the tasks to be
performed in physiotherapies, resulting in a strong adherence by patients. Thereby, facing the
recovery processes demands nhowadays, among many aspects, an optimization of the monitoring
and follow-up of the evolution of the patients in physiotherapy, which allows both, them and
the physiotherapists, to have access to a greater detail in the variables and particular elements
involved in each process and that cannot be reached with the current devices.

Accordingly, by inquiring into better technologies for monitoring patient progress, it is pos-
sible to have alternative platforms and/or equipment that will ensure favorable outcomes in
the lives of patients with sequelae of lung disease. Thus, advances in portable monitoring and
control technologies have a very high potential to address current problems in patient treatment.

Due to the prevailing situation presented, it became necessary to design, implement and
validate a new instrumentation system to monitor patients with pulmonary sequelae in their
physiotherapies, bearing in mind that the system will be involved in a gami cation incentive
environment (as part of the comprehensive research project and not the local project), as op-
posed to traditional devices, which will favor the functional recovery of patients, promoting
patient adherence to physiotherapy exercises, which is also expected to reduce recovery times,
facilitating early integration of the patient to their daily activities. Thus, this document will
address the entire monitoring system design and implementation process.



2 Chapter 1. Introduction

1.1 Problem Statement

Along with the advent of respiratory diseases commonly come unavoidable sequelae in pa-
tients, even after overcoming the disease, which requires the e ective application of physio-
therapy processes for a timely recovery. Thereby, as a prominent example, in December 2019,
an epidemic of pneumonia associated with the coronavirus (SARS-CoV-2) began in Wuhan
(China), which was declared a pandemic by the WHG on March 11, 2020. The high mortality
of the viral infection is associated with the triggering of Severe Acute Respiratory Syndrome
which is de ned by an acute onset of non-cardiogenic pulmonary edema, hypoxemia, and the
need for mechanical ventilation [2]. Approximately 30% of people who overcome COVID-19
are left with insu cient lung capacity requiring lung re-expansion physiotherapy [3]. Similarly,
there are more examples for which it is imperative deepen the recovery of patients su ering
from the sequelae of diseases a ecting their respiratory system.

Current physiotherapy processes for lung re-expansion require the assistance of a physio-
therapist in assessing the progress of the patient qualitatively and quantitatively, based on
the performance of local physiotherapy. Nevertheless, the support equipment currently used in
Colombia to assist these processes does not provide su cient or accurate information to pa-
tients and physiotherapists, leading to the abandonment and poor performance of the exercises
by patients and, consequently, to a de cient recovery.

In accordance with the foregoing and, considering that through a good handling of these
physiotherapy processes it is possible to solvent many of the consequences caused by pulmonary
diseases [4], the question of how to improve the performance of lung re-expansion physiotherapies
from the perspective of support and measurement devices has been addressed. Hence, this open-
ended question will be a basis for the orientation and development of the project.

1.2 Justi cation

Patients su ering from diseases that a ect their respiratory system not only experience res-
piratory impairments, but also a deterioration of their physical capacity, leading to a loss of
strength and, consequently, the inability to adequately exercise their muscles, which eventually
implies a decrease in their quality of life [5]. Therefore, respiratory physiotherapy processes
play an important role in the timely and e ective recovery of patients, by deploying a com-
pendium of special techniques that help the progressive wellness of patients undergoing sequelae
of pulmonary diseases [4]. In turn, for the development of the physiotherapy techniques, special
equipment is commonly needed to support the monitoring of patients under the supervision of
a professional caregiver and to ensure their proper recovery. Nevertheless, the current challeng-
ing circumstances regarding the actual e ectiveness of equipment for physiotherapy processes
have increased the importance of looking for ways to substantially improve and support these
processes, alleviating the burden of the disease for both patients and healthcare personnel.

The pandemic due to the new coronavirus disease, has brought negative consequences world-
wide, causing millions of deaths and a ecting the physical and mental health of the people [6].

! Acronym for World Health Organization.



1.2. Justi cation 3

In this regard, the coronavirus pandemic is a very recent case among many others where pul-
monary diseases make it necessary to modify methods to counteract the sequelae in patients.
As a matter of fact, the growth of respiratory diseases has increased the importance of new
technologies capable of reliably monitoring recovery from lung failure.

Facing pulmonary diseases right now require an optimization of health systems that al-
low the provision of alternative platforms that ensure the monitoring and recovery of patients
with sequelae, all this without the need to physically involve patients with health personnel or
caregivers, allowing isolated interventions without high risk of contagion or with a chance of
preventing worsening of the disease. Thus, advances in portable health monitoring and detec-
tion technologies have very high potential to address problems in the treatment of the variety
of pulmonary disease after-e ects.

With all this said, it is imperative to emphasize that most of the pulmonary sequelae need
a timely and well-managed treatment, avoiding poor monitoring (which may be null) and in-
adequate instruction of the physiotherapy tasks/exercises to be performed. Thereby, increasing
the use of better monitoring technologies, that may include telehealth features, will improve
the evolution of the patients over time. Due to this prevailing situation, it becomes necessary
to design, implement and afterwards validate an instrumentation system to monitor patients
with pulmonary sequelae in their rehabilitation process, bearing in mind that the system shall
be involved in a gami ed/incentive environment as part of the associated research projecRes-
piratory incentive system for lung re-expansion in patients with sequelae of COVID-19Accord-
ingly, unlike the devices traditionally used in Colombia, the system to be developed will seek
to promote the functional recovery of patients with sequelae in their respiratory system due
to pulmonary diseases, encouraging patient adherence to physiotherapy exercises and providing
reliable information about the performance of the process to its users.



Chapter 2

Objectives

2.1 General Objective

Design, implement and validate an electronic instrumentation di erential-pressure-based
system to reliably monitor physiological variables in pulmonary re-expansion physiotherapies
for patients with sequelae of pulmonary diseases, as part of the research project \Respiratory
incentive system for lung expansion in patients with sequelae of COVID-19".

2.2 Specic Objectives

To pre-process the acquired signals involved in respiratory physiotherapy such as inspiratory-
expiratory ow and volume, and respiratory rate.

To model the inspired-expired ow and volume measurement system.
To communicate the processed data wirelessly to a mobile device.
To implement and evaluate physical and functional prototypes of the system.

To validate the operation of the designed system.

Inter-institutional and transdisciplinary research project nanced by the Ponti cia Universidad Javeriana
Cali, as main executor, and Universidad del Valle as co-executor.



Chapter 3

State of Art

Respiratory incentive systems have contributed to the accompaniment of physiotherapies to
address di erent limitations in the respiratory system for several decades. The classic spirome-
try incentive of the 1970s is the most representative example: a simple device whose operation
consists of inspiring through a mouthpiece, with the objective of lifting a mobile sphere housed
inside an internal wall (see g. 3.1), with which the patient can perform respiratory physiother-
apy exercises in a control system, receiving feedback by a visual stimulus [7].

Figure 3.1: Patented therapeutic incentive spirometer.

[7]

Along with technological development, respiratory incentive systems that are currently being
designed seek to involve a greater number of features that motivate patients to correctly perform
the physiotherapies prescribed by health professionals. By including electronic and software
systems, the concept of physiotherapy evolves, and several outstanding examples can be found
on this matter, such as a device that uses gaming software to motivate children with cystic
brosis in their lungs and engage them in physiotherapy treatment [8], o ering them access
to a gami ed environment with di erent levels of intensity that they can control through a
mouthpiece.

Likewise, it is possible to nd a bunch of patented devices with electronic and software sys-
tems that seek to support pulmonary rehabilitation by physiotherapy. A brief compendium of
these devices is listed as follows: Respiratory therapy instrument o ering game-based incentives,
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training, and telemetry collection [9], Electronic pocket spirometer [10], Telecentive spirome-
ter [11], Systems and methods for portable monitoring of incentive spirometry [12], Incentive
spirometer [13], Respiratory therapy device and system with integrated gaming capabilities and
method of using the same [14], Incentive spirometer and musical instrument [15], Diagnostic and
incentive spirometer using smartphone application [16], Patient reminder system and method
for incentive spirometer utilization [17], Personal spirometer [18], Systems and methods for
respiration-controlled virtual experiences [19].

Furthermore, among the most commonly used commercial devices for pulmonary rehabili-
tation processes by physiotherapy, there are those of a purely pneumatic type, i.e., without any
use of electronic instrumentation, such as theBreathacise spirometer [20], which encourages
lung exercise for physiotherapies involving deep inspiration, through an integrated basketball
game; and those of an electronic type, such as th&ilvert- ow device [21], which incorpo-
rates electronic instrumentation and allows the patient to perform various breathing exercises
through di erent gaming interfaces integrated into a computer interface, in which is also stored
the data of the exercises and scores, so that the progress of the patient is supervised. With
the Silver t- ow device, the prescribed physiotherapy that the physiotherapist integrates into
the treatment must be achieved independently by the patient inhaling and exhaling through
a spirometer. Another of the currently used devices in the market are the series of respiratory
incentives Spirobank Smart | & Il [22], with which it is possible to reach precise measurements
of inspiration and send them to a cell phone or a mobile device through Bluetooth technology.
In addition, it allows monitoring of respiratory diseases such as asthma, Chronic Obstructive
Pulmonary Disease (COPD), care in lung transplants and cystic brosis. Spirobank Smart is
thus a portable, autonomous, tablet-based, and PC-based device, with the option of oximetry,
which has incentive animations that support patient compliance during their pulmonary phys-
iotherapy processes, but the monetary costs of the device are considerably high (approximately
300 to 1200 USD) and not easily a ordable for individuals without medical a liations.

As a consequence of the high monetary costs of the devices mentioned in the previous
paragraph (also see g. 3.2), especially the last two, their acquisition is relatively limited as not
all people can opt to purchase one of them, giving rise to other nuances of low-cost commercial
devices that also seek the same purpose. Meanwhile, the low-cost commercial devices (non-
electronic functionalities and features) that are currently used in the Colombia areTrio [23]
and Voldyne [24], which are common incentive spirometer devices that do not have digital
gami cation interfaces or integrated software (see g. 3.3), but which are currently and widely
used in processes for lung re-expansion physiotherapies.

Finding devices with electronic implementations that support pulmonary rehabilitation pro-
cesses for physiotherapies is often costly, in addition to being a concept that, particularly in
Colombia, is not very widespread.

LPrices extracted from the market.



(a) Breathacise [20] (b) Silver t- ow [21]

(c) Spirobank Smart | [22] (d) Spirobank Smart Il [22]

Figure 3.2: Promotional view of commercially available respiratory
incentive devices.

(a) Trio [23] (b) Voldyne [24]

Figure 3.3: Commercial non-electronic devices commonly used in Colombia
for lung re-expansion physiotherapies.



8 Chapter 3. State of Art

3.1 Electronic Monitoring Systems for Lung Re-expansion Phys-
iotherapies within the COVID-19 Framework.

Regarding the background of previous work on the incentive treatment of COVID-19 se-
guelae, a variety of portable (wearable) sensing and telehealth technology with high potentials
in disease monitoring and recovery is being used. Among the applications of telemedicine in
monitoring the treatment of COVID-19, several studies have shown that the implementation of
programs via internet connection, through video platforms, are able to identify new or recur-
rent problems in the treatment and establish care plans through a virtual examination. There
is evidence that patients report improvements, not only in their lung capacity but also in other
aspects such as transportation to hospitals and a reduction in the risk of infection or worsening
of the disease [25].

From another perspective, a bunch of devices that sense di erent physiological variables are
now used in the treatment of the disease. Such is the case of wearable chests-based devices,
armband devices for measuring vital signs or clinical systems designed for monitoring vital
signs that can be placed in di erent parts of the body [6]. All these devices make it possible to
positively a ect the health of the patient and improve their recovery, being aware of the state
of variables such as oxygen saturation in the body, inspired lung volumes and respiration rate,
among others, accompanying the entire process with constant monitoring through graphical
user interfaces and mobile devices. In turn, mobile health and telemedicine technologies are
marking a turning point in a handful of aspects of the diagnosis and treatment of COVID-19
and, although not new, they have emerged as fundamental tools in the ght against the disease,
hand in hand with devices for contact tracing, remote physiological monitoring, tele-imaging,
tele-robotics, among others [26].



Chapter 4

Theoretical Background

4.1 Theory of Inventive Problem Solving

From 1946 onwards, the Soviet engineer and writer Genrich Altshuller, along with a few
associates, began to develop the methodology proposed by the Theory of Inventive Problem
Solving (TRIZ) !, although the rst publication mentioning it was not known until 1956 in
the journal Issues of Psychologyunder the title On the psychology of inventive creation[27].
This classical methodology allows approaching design problems and processes in an inventive
way, supported by a set of systematic techniques and axioms that help to determine the key
characteristics and aspects of the problem at hand, while stimulating the invention process.

In Engineering of Creativity, Savransky describes TRIZ as a human-oriented knowledge-
based systematic methodology of inventive problem solving [28], and although the application
of the theory does not provide a direct solution to the problem by itself, it does provide a
structured form that favors the generation of ideas on which to base a solution linked to the
needs of the people involved, namely, the end users.

For the application of the methodology TRIZ speci c problems are converted into general
problems in a process of abstraction, resulting in a set of general solution proposals that en-
compass ideality, with which the designer can derive speci ¢ solution proposals to the original
problem [29].

Figure 4.1: lllustrative path for problem solving with TRIZ.

Figure 4.1 shows an overview of the process involved in the TRIZ methodology. The basis
of the problem analysis proposed by TRIZ is framed in the identi cation of the problem to

1Russian acronym transliterated as Tieoriya Riesheniy a Izobrietatielskij Zadach.
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be solved subordinated to a representative view of its Technical System (TS), recognizing the
evolution of the system through a user-centered analysis. In this regard, the TS can be de ned
as a set of elements that takes energy from the outside and converts it to perform a Main
Function on an object [29].

Technical system 4.1-1

As stated by Savransky [28], the TS is modeled by ve conforming elements:

1. Engine: Generates the required energy to enable the working tool. The energy may
have transformations.

2. Transmission: Carries the energy from the engine to the working tool and may
vary in the process.

3. Working tool:  Included in all TS, it directly interacts with a raw target object in
order to perform the primary function.

4. Control: Collects information, handles regulation and management to generate
a control action within the system and thus ensure the performance of the Main
Function.

5. Casing: Provides protection layer and a physical organization for the TS.
& J

Once the TS has been established as the basis for the speci ¢ problem abstraction, consid-
ering its parts as shown in box 4.1-1, it is necessary to confront its characteristics by means of
TRIZ tools, in order to subsequently generate inventive ideas to solve the initial problem. One
of the tools used by the TRIZ methodology is the systemic analysis of the problem by means
of a space-time decomposition callechine-window analysis

The main purpose of the nine-window analysis is to reveal the complexity of the problem
and to break down its characteristics and parts in a structured way, leading to the recognition
of the evolution of the TS from the past to the future and allowing rst impressions towards
the ideal attributes that the solution could have in the future, without knowing exactly what
that solution is.

4.1.1 Nine-window Analysis

To understand the operational foundation of nine-window analysis, it is important to clarify
the concept of system, subsystem and supersystem. Figure 4.2 helps to understand this concept,
presenting the system as an element that hosts di erent subsystems that in turn link various
types of components and act as one more element in the environment, also called supersystem.
Thus, for example, if the system is a pencil, the subsystem would be the elements that make
up that pencil, that is, the wood, the graphite, the eraser, each one linking di erent elements
in itself; in turn, the pencil is part of a desk with a person ready to use it on a piece of paper.

The nine-window analysis plays with these spatial subsystem concepts and combines them
with temporal characteristics. Figure 4.3 shows how its components can be approached. In
this analysis, the past and present denote evolution and the future proposes the conception of
ideality in the design process.
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Figure 4.2: Basic representation of the notion of a system.

Figure 4.3: Components of the nine-window analysis.
[29]

Once this has been de ned, it is important to note the second immediate purpose of the
application of the systemic analysis, hamely, that thanks to the de nition of the ideal attributes
and the expanded view of the problem provided by the nine-window analysis, the contradic-
tions obtained from this analysis can be determined. Contradictions can be found by analyzing
in detail the transition between the present and future windows. In the TRIZ methodology,
contradictions are key elements, situations that clash with the ideality of the attributes and
requirements obtained in the analysis process because they are unachievable from the base TS,
but which provide the necessary elements to guide the solution in an inventive way [29]. In this
regard, a second TRIZ tool is employedthe contradiction matrix [28].

4.1.2 Contradiction Matrix

The contradiction matrix provides a set of parameters (see table 4.2) that support the prob-
lem synthesis process, describing in a technical and general way the contradictions between the
characteristics to be improved and the characteristics that may be a ected by such improve-
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ments [28]. Once these contradictions have been identi ed within the matrix, a list of inventive
principles (see table 4.3) can be extracted that stimulate ideas to propose a satisfactory solution
to the initial problem. Savransky compiles detailed information on what each parameter and
principle means in the TRIZ methodology [28], which should be considered when analyzing
contradictions. In table 4.1 it is possible to see a portion of the contradiction matrix, whose
individual cells contain the indices of the inventive solution principles proposed by TRIZ.

Table 4.1: |Initial section of Altshuller's contradiction matrix.
[30]

TRIZ parameters

1. Weight of a mobile object 21. Power

2. Weight of a stationary object 22. Waste of energy

3. Length of a mobile object 23. Waste of substance

4. Length of a stationary object 24. Loss of information

5. Area of a mobile object 25. Waste of time

6. Area of a stationary object 26. Amount of substance

7. Volume of a mobile object 27. Reliability

8. Volume of a stationary object 28. Accuracy of measurement
9. Speed 29. Accuracy of manufacturing
10. Force, intensity 30. Harmful factors acting on object
11. Tension, pressure 31. Harmful side e ects

12. Shape 32. Manufacturability

13. Stability of an object 33. Convenience of use

14. Strength 34. Repairability

15. Durability of a mobile object 35. Adaptability

16. Durability of a stationary object 36. Complexity of device

17. Temperature 37. Complexity of control

18. Brightness 38. Level of automation

19. Energy spent by a mobile object 39. Productivity

20. Energy spent by a stationary object

Table 4.2: Parameters proposed by TRIZ.
[30]

Once the inventive principle proposed by TRIZ has been identi ed, it is possible to present
an overview of propositional solutions that can be derived to give rise to the speci ¢ solution
of the problem, corresponding to the last step of the path shown in g. 4.1. In this regard, it is
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possible to integrate some of the tools o ered by other methodologies. Axiomatic Design is one
of them [29] (see section 4.3), whose nal integration is based on the formal identi cation of the
requirements and design rangesand, from there, of the alternatives with which each require-
ment can be ful lled, design alternativesthat will consider the inventive principles proposed by
TRIZ in order to avoid contradictions. Meanwhile, the Analytic Hierarchy Process exposed in
section 4.4 shall provide convergence in the decision process of the alternatives and thus derive
the speci c solution to the problem.

TRIZ principles

1. Segmentation 21. Rushing

2. Extraction 22. Convert harm into bene t

3. Local quality 23. Feedback

4. Asymmetry 24. Mediator

5. Combining 25. Self-service

6. Universality 26. Use copies

7. Nesting 27. Inexpensive, short-lived objects

8. Counterweight 28. Replacement of a mechanical system
9. Prior counter-action 29. Pneumatic or hydraulic construction
10. Prior action 30. Flexible membranes or thin Im

11. Cushion in advance 31. Use of porous material

12. Equipotentiality 32. Changing the color

13. Inversion 33. Homogeneity

14. Curvature increase 34. Rejecting and regenerating parts
15. Dynamicity 35. Transformation of an object states

16. Partial or overdone action 36. Phase transformation
17. Moving to a new dimension 37. Thermal expansion

18. Mechanical vibration 38. Use strong oxidizers
19. Periodic action 39. Inert environment
20. Continuous action 40. Composite materials

Table 4.3: Inventive principles proposed by TRIZ.
[30]

4.2 Design Thinking

Design Thinking is a human-centered approach to innovation that, together with a set of
tools, allows identifying the real needs of the people involved in a design problem [31]. Its
application is fundamentally based on ve stages: Immersion, Analysis and Synthesis, Ideation,
Prototyping and Testing. Through these stages, the designer will be able to recognize the state
of the problem, identifying the key factors, conducting a complete eld analysis and being
able to apply an iterative prototyping methodology to improve the design until the problem is
completely and optimally solved [32]. Although its stages do not provide a step-by-step guide
on how to solve the problem, they do provide useful tools for structuring a good solution.
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4.2.1 Immersion

The immersion stage seeks to contextualize the team from the user's point of view [32]. It
is divided into two phases, Preliminary and In-Depth immersion, where the rst phase rethinks
the problem and understands it from a super cial perspective, while the second one identi es
the needs and opportunities that arise directly in the context of the problem.

Particularly, during the preliminary immersion, a documentation and eld research is car-
ried out, where the contextual factors involved in the problem are identi ed, as well as the
potential users. Moreover, during the In-depth immersion it is possible to go deeper into the
approach to the problem, using anthropological techniques that are directly related to the peo-
ple involved, such as interviews, eld visits, surveys, among others [32]. These techniques are
particularly important because it is not only a matter of understanding the problem from a
di erent perspective, but also of delving into the interactions of the users, their concerns and
their needs.

Figure 4.4: Visual summary of the understanding of the problem through
the immersion stage.
[32]

The g. 4.4 summarizes the immersion process, understanding as aurface the previous
knowledge that progressively, through anthropological techniques, deepens in the context of the
problem, facilitating the identi cation of both evident and implicit needs.

4.2.2 Analysis and Synthesis

This stage summarizes and classi es all the information collected in the previous stage,
in order to identify the Insights (discoveries and possible opportunities). In the framework of
Design Thinking, information organization techniques are facilitators that clarify the research
and the results of interviews, eld visits or cultural surveys.

To carry out these organizational techniques, it is necessary to begin with the production of
compact summaries, facilitating the handle of large volumes of information. This may result in
the creation of summary cards better known as insight cards, which contain speci ¢ information,
in addition to including source, date and distinctive factors [31]. The next step consists in a
strategical categorization of the cards, considering similarities and dependencies, to consequently
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build a conceptual map that can structure the information in a simple and graphic way at
di erent levels of abstraction.

Finally, with enough categorized information on the characterization of the users and actors,
it is necessary to constructArchetypes ctitious characters, who acquire characteristics of the
di erent types of users in the context of the problem. These archetypes can represent desires,
motivations, expectations, and most importantly, needs.

4.2.3 Ideation

In this stage, innovative ideas are generated considering the meeting of the identi ed needs,
regardless of the complexity of their implementation. People's participation involved in di erent
areas of knowledge is pertinent, the multidisciplinary teams are a great advantage at this stage
[32]. One of the most common resources for generation of solutions is the brainstorming, which
is the gathering of spontaneous ideas that are subsequently selected and validated through
decision matrices or directly with users if necessary.

4.2.4 Prototyping and Testing

The Prototyping and Testing stages are related to each other because they validate the
generated ideas. In Prototyping, the ideas become tangible going from abstraction to a real
representation, which can be simple but functional. Meanwhile, testing step is closely related
to the previous one because the resulting prototypes must be constantly validated in di erent
types of contexts. There are three basic types into which the resolution level of the developed
prototypes can be classi ed [32]:

Fidelity levels in prototypes 4.2-1

1. Low delity: Being a conceptual sketch of the idea, without the construction of a
model or physical representation.

2. Middle delity: Containing several aspects of the idea, without necessarily being
a faithful representation of what is intended in the solution idea.

3. High delity:  Containing speci ¢ references as close to the idea as possible. The
idea can be represented by a mock-up with a high level of closeness to the nal

solution, so that it is useful for testing it with users.
. J

In addition to the levels of delity in the prototypes exposed in box 4.2-1, there are di erent
contexts in which the prototypes can be tested, that can be classi ed as follows: restricted,
general, partial and total [32]. The restricted level, represents a totally controlled environment
without the participation of users, whereas the general level still has a partially controlled
environment and no user interacts directly. The partial level, directly tests the prototype in the
real environment or with a user, while the total level strictly tests both scenarios.

At the same time, it is important to emphasize the documentation and organization of the
prototypes to take full advantage of the iterative stages of the process. Figure 4.5 shows a
general idea of the components that make up the prototyping process, from which it is possible
to get closer to the solution of the initial problem with each new prototype.
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Figure 4.5: Components that make up the prototyping process.
[32]

4.3 Axiomatic Design

An adequate design process must have the capability of being easily understandable and
transferable for all the people that make up a work team. Therefore, in many cases, a structure
is needed to distinguish what is required when approaching the design process, which is achieved
through the use of methodologies such as Axiomatic Design. In this methodology, the wordxiom
plays an important role in the approach to a design based on its structure, since two important
axioms must be considered:

~ Functional independence: to avoid couplings and redundancies of speci ¢ functions in
the design product by controlling the entire process.

~ Minimum information content: to determine the quality of the design product, where
guality refers to the ful llment and satisfaction of the proposed requirements.

As mentioned above, Axiomatic Design can be used in conjunction with TRIZ methodology,
where its integration can be summarized in the de nition of designrequirements and how these
are materialized in the form of design parametersor design alternatives Thus, the de nition
of these Axiomatic Design elements work hand in hand with the inventive ideas proposed by
TRIZ, so that the design process can continue its course in a structured fashion and can be
guaranteed to be controlled, so that the proposed solutions can satisfy each of threquirements
without a ecting other functions of the product.

Thereupon, the Axiomatic Design contributes to the concreteness of the design, since it is
based on a logical and rational thinking process, through a clear formulation of design objec-
tives. Additionally, it provides clear criteria for decision-making that reduce subjectivity and
contribute to the reduction of time for the generation of new products [33].

4.4  Analytic Hierarchy Process

The Analytic Hierarchy Process (AHP) is a structured technique for making decisions in-
volving multiple criteria. The technique was developed by Thomas L. Saaty between 1971 and
1975 at the University of Pennsylvania and is based on a nonlinear framework that allows several
factors (called criteria) to be considered simultaneously when making a decision, accompanying
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the process with numerical operations that allow synthesis or value conclusions to be reached
and that, in turn, encompass the development of inductive and deductive thinking [34]. Al-
though this technique is now more than 40 years old, it has continued to be studied and re ned
since its development.

In simple terms, the AHP technique provides support for directing a choice problem towards
a viable alternative that stands out among the others, and it does so through the quanti cation of
the importance and subsequent pair-wise comparison of criteria among the di erent alternatives
considered.

Saaty describes in his theory that three fundamental principles govern decision making with
the AHP methodology: decomposition, comparative judgements and synthesis of priorities [34].
The rst principle is based on the hierarchical structuring of the problem, starting from the focus
at the top level, passing through the selection criteria at the second level and the sub-criteria
at the third level (if any) and all lying on the alternatives. A graphical representation in this
respect is shown in the image of g. 4.6. The second principle described by Saaty, on the other
hand, is applied to the construction of pairwise comparisons of the elements in the hierarchy
(the criteria by themselves and the alternatives by each criterion), resulting in the quanti cation
of the importance level of each element. The third principle mediates the synthesis of the scores
of each alternative with respect to the criteria, giving rise to the global priority of the elements
and, therefore, an important clue at the time of making the decision.

Figure 4.6: Graphical representation according to the decomposition for
AHP.

4.4.1 Axioms of the AHP

With all this said, it is imperative to get into the formal execution of the process. For this,
it is necessary to describe in the rst instance two of the four axioms that govern the method,
which are the baseline for the use of pairwise comparisons (the axioms not included are related
to the construction of a hierarchy and the representation of ideas). A brief de nition of the
axioms is included here, for more details please consult the source [34].

Let U be a nite set of n-elements called alternatives, andP a set of elements called criteria,
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with respect to which the elements inU are compared. Particularly, the comparisons are per-
formed on the elements inU in contrast to each element inP (one by one) and the weights of the
criteria are mediated by paired scoring of the elements irP. All comparisons are represented in
matrix form. To skip the theoretical notation about the comparisons, the table 4.4 represents

the fundamental scores in which the paired elements are rated.

Intensity of importance
on an absolute scale

De nition

Explanation

2,4,6,8

Reciprocals

Equal importance

Moderate importance of one
over another

Essential or strong impor-
tance

Very strong importance

Extreme importance

Intermediate values between
the two adjacent judgments
If element i has one of the

above numbers assigned to

it when compared with ele-
ment j, then j has the recip-

rocal value when compared

with i

Two  elements  contribute
equally to the objective
Experience and judgement
strongly favor one element
than another

Experience and judgement
strongly favor one element
than another

An element is strongly favored
and its dominance demon-
strated in practice

The evidence favoring one el-
ement over another is of the
highest possible order of ar-
mation

When compromise is needed

[34]

Table 4.4: Fundamental scale values.

Prior to the axioms, the following theoretical basis should be considered:
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A 2 R" " is a pairwise comparison matrix [35], if it satis es three properties:

(1) a; >0
2 & =1
() aij =1=g;
de ned for all i;j =1;2;:::;n. These properties lead us to de neA as a positive matrix
having the following form:
0 1
1 aio ain
A= . . _ .
1=a.1’n 1=aQ’n 1

It is also important to point out that if A satises that ajx ax; = aj forall i;k;j =
1;2;::::n, then A is called consistent, otherwise will be inconsistent.

Axiom 1 (reciprocity)

As stated above, this axiom determines that for all elementsA;;A; 2 U and all elements
C2FP:

Pc(Ai; Aj) = 1=P;(Ai; Aj)

where Pc & 2 R represents the intensity or strength of preference for one element in
the pairwise comparison matrix A (in this case related to alternatives) over another. Thus,
this axiom basically establish that the set of comparisons must be reciprocal constructions in
which if an elementA; is 2 times more preferred than another elemenf;, then A; is 1=2 times
preferred than A;, i.e. less preferred.

Another important aspect associated with this axiom is the concept of consistency. To
provide a simple example in this regard, let us go back to our previous example: if an element
Aj is 2 times more preferred than another elementA;, and an elementA; is 3 times more
preferred than an elementAy, then the preference of the elemenf; over the elementAy should
be six times stronger. Nevertheless, maintaining this consistency is not always a simple task,
and it should be noted that using the AHP method does not require having a consistent matrix,
although if it does, the results could be more accurate [34]. When the pairwise comparison
matrix is inconsistent, then it is possible to measure that inconsistency through a Consistency
Ratio (CR).

Axiom 2 (homaogeneity)

This axiom is intended to establish meaningful comparisons, in the sense that unrelated
items cannot be compared. In the case of a large disparity, the elements should be placed in
separate groups of reasonable relation.



20 Chapter 4. Theoretical Background

4.4.2 Extraction of Weights from Pairwise Comparison Matrices

Now, with the main concepts on paper, the de nition of the calculation of weights and
priorities for the AHP method follows. Once the hierarchy that embraces the decision problem
has been determined, according to the homogeneity axiom described in section section 4.4.1,
the pairwise comparisons between the de ned criteria must be established, seeking to determine
their relative importance [34]. Consequently, the alternatives must be compared with respect
to each of the criteria considered to subsequently synthesize the results. Figure 4.7 shows a
follow-up model of the AHP whole method.

Figure 4.7: Summarized AHP steps.
[36]

Several methods exist to determine the weights of the pairwise comparison matrix, such
as the arithmetic means method [37], the least squares method [38] and the original method
described by Saaty, theprincipal eigenvalue method [34], among others. Golany and Kress [35]
have compared many of the available methods for obtaining the weight of pairwise comparison
matrices and have concluded that each method has advantages and weaknesses, so there is no
establishment of which method is the best. Therefore, a fundamental description of the original
method and one of its alternatives, the arithmetic means method, will be addressed here.
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Principal Eigenvalue

The weights in this method are derived from by solving the principal eigenvector of the pair-
wise comparison matrix and subsequent normalization of the result [34]. The Perron-Frobenius
theorem justi es the development of AHP by means of eigenvectors since it states that:

If all entries of an n matrix A are positive, then it has a unique maximal eigenvalue.
Its eigenvector has positive entries [39].

The statements of the Perron-Frobenius theorem make it possible to de ne the principal
eigenvectors used by Saaty's method for the calculation of the weights.

Meanwhile, the theory also describes the use of the CR when the comparison matrix is
inconsistent. This consistency ratio is based on the de nition of a Consistency Index (Cl) having
the form ( max N)=n 1 and the subsequent comparison with Random Consistency Indices
(RI) stated by Saaty [34], with which it is possible to judge how coherent the results obtained
are when the matrix of comparisons is inconsistent. The eigenvectors method allows the weights
obtained to contain all the dominant information given by the matrix, when it is inconsistent.
The theory establishes a tolerance of 10% of inconsistency, i.e., when the CR is greater than 10,
the results obtained by AHP must be reviewed and carefully judged.

Finally, to synthesize the overall priority weights, it is necessary to multiply each priority
value of the alternatives by the relative weight of the respective criterion. The result
comprises an important clue to cope with the decision-making problem.

Arithmetic Mean

This method allows us to avoid the process of computing the eigenvectors and eigenvalues
for the pairwise comparison matrices when the matrix is not very large. To nd the weights, it
iS necessary to normalize the matrix by columns, and then take the arithmetic mean across the
rows, thus approximating the eigenvectors with a simpler method. With this method it is also
possible to approximate the CR without having to nd the eigenvalues of the matrix, for this
purpose it necessary to multiply each column of the original matrix (without normalizing) by
their respective weights and then add the results obtained by rows. Subsequently, each result
is divided respectively with the initially calculated weight to then extract the arithmetic mean
of the outcomes, whose value will correspond to an approximate of the principal eigenvalue of
the matrix. From there, it is possible to apply the same steps to nd the CR described in the
previous section, as well as the overall priority weights for each alternative.

4.5 Respiratory System

The human respiratory system is a set of organs and structures responsible for carrying out
gas exchange between the body and the environment. The vital functions associated with this
system are to provide oxygen to the body, eliminate carbon dioxide (waste product) and help to
maintain acid-base balance in the organism. Non-vital functions include odor detection, speech
production, straining for cough or childbirth [40].
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Figure 4.8: The major respiratory structures span the nasal cavity to the
diaphragm.
[40]

The respiratory system, whose main structures can be distinguished in g. 4.8, can be
functionally divided into the conducting zone and the respiratory zone. The former is formed
by the organs and structures that are not directly involved in gas exchange, since this process
takes place rather in the respiratory zone.

In turn, the main functions of the conducting zone include providing a path for incoming
and outgoing air, removing and ltering pathogens or debris from the incoming air, as well as
heating and humidifying it. The structures that comprise this area are: nose and its adjacent
sectors, paranasal cavities, mouth, pharynx, larynx, trachea and bonchi [41].

Meanwhile, the respiratory zone has to do with allowing the di usion of oxygen within the
lung capillaries in the exchange of carbon dioxide [41]. This zone is composed of the tiny alveoli
(200um diameter), which are particularly responsible for gas exchange and helping to maintain
air pressure [40]; and the lungs, the essential organs for breathing and blood oxygenation.

4.5.1 Breathing Process

The process of exchanging oxygen(,) and carbon dioxide (CO,) between the body and
the atmosphere is called external respiration [40]. The process of gas exchange between the
blood in the capillaries and the cells of the tissues is internal respiration. These two concepts
are involved in the breathing process.

External respiration, speci cally, is divided into four main stages: pulmonary ventilation or
exchange of gases between the atmosphere and the alveoli through inspiration or expiration;
di usion of gases or passage of oxygen and carbon dioxide from the alveoli to the blood and
vice versa, the transport of gases through the blood and body uids to reach the cells; and the
regulation of the respiratory process [41].

Particularly, pulmonary ventilation as the rst stage of the breathing process consists of
the movement of air (ow) in and out of the lungs, called inspiration and expiration [41],



4.5. Respiratory System 23

which will be key words in the development of this project. During inspiration, contraction of

the diaphragm and inspiratory muscles increases the capacity of the thoracic cavity, causing
intrapulmonary pressure to drop slightly below atmospheric pressure, making the air ows

in the airways. During expiration, the respiratory muscles relax and return to their resting
positions, so the capacity of the thoracic cavity decreases and the intrapulmonary pressure rises
above atmospheric pressure causing air to leave the lungs [41]. Figure 4.9 shows this process
graphically.

Figure 4.9: lllustration of the breathing process for pulmonary ventilation.
[40]

Since the lungs are unable to expand and contract on their own, they have to move in
association with the chest and muscles of thoracic cavity. The combination of the outward
stretching force of the thoracic cavity and the inward elastic force of the lungs creates a negative
intrapleural pressure, i.e., lower than atmospheric pressure [41], making possible the movements
of expansion and contraction that give rise to inspiration and expiration.

4.5.2 Respiratory Volumes and Capacities

Respiratory volume is a term that describes di erent types of quanti cation of air interacting
with the respiratory system. There are four types of respiratory volumes: tidal, residual, inspi-
ratory reserve, and expiratory reserve. The Tidal Volume (TV) is the amount of air normally
circulating in the lungs during eupne&’, which is approximately 500 milliliters [40]. On the one
hand, the Expiratory Reserve Volume (ERV) is the volume of air that someone can forcefully
exhale beyond a normal tidal expiration, it is up to 1200 milliliters for men and, on the other
hand, the Inspiratory Reserve Volume (IRV) is the one produced by a deep inhalation, beyond
a normal inspiration. The Residual Volume (RV), is the amount of air that remains in the lungs
when exhaling as much air as possible, which facilitates breathing by preventing the collapse
of the alveoli [40]. Section (a) of g. 4.10 shows a graphical representation of these respiratory
volumes.

2Natural breathing (inspiration and expiration) that occurs without e ort and in a relaxed state.
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Figure 4.10: (a) Respiratory volumes. (b) Respiratory capacities.
[40]

Respiratory capacity is the combination of two or more selected types of respiratory volume,
which also describes the amount of air in the lungs during a certain period of time [40]. For
instance, Total Lung Capacity (TLC) is the sum of all respiratory volumes mentioned above
(TV, ERV, IRV, and RV), which represents all the air a person can retain in the lungs after a
forced inspiration. The TLC is about 6000 milliliters of air for men and about 4200 milliliters
for women. Likewise, the Vital Capacity (VC) is the amount of air a person can move into or
out of their lungs and is the sum of all volumes except the residual volume (TV, ERV, and
IRV), which is between 4000 and 5000 milliliters. As for the Inspiratory Capacity (IC), it is the
maximum air that can be inhaled beyond a normal tidal inspiration, being the sum of TV and
IRV. Moreover, the Functional Residual Capacity (FRC) is the volume of air that remains in
the lung after a normal tidal expiration, namely the sum of ERV and RV [40]. A representation
of all these respiratory capacities can be found in section (b) of g. 4.10.

It is important to mention that respiratory volumes and capacities depends on a variety of
factors, and measuring them can provide important clues about a person's respiratory health.
Their measurement is usually carried out with specialized medical equipment and in the com-
pany of health professionals. Table 4.5 shows the necessary equipment to carry out the studies
and measurements of respiratory volumes, capacities and ows, as well as an extension of them.

4.5.3 Respiratory Rate

The respiratory rate is de ned as the number of complete breathing cycle$ a person does
per minute. The rate is usually measured when a person is at rest and basically involves counting
the number of breaths for one minute, standarized adpm Respiration rates may increase with
fever, illness, and other medical conditions. In turn, when analyzing breathing, it is important
to observe if the person has any di culty breathing [42].

30ne cycle is composed by a complete inspiration and expiration process.
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Pulmonary

. Instrument Measures Function
Function Test

Volume of air exhaled after
maximum inhalation.
Volume of air exhaled in
one breath.
Air ow in the middle of
exhalation.
Peak Expiratory Flow (PEF) Rate of exhalation.
Volume of air that can be
inspired and expired in one
minute.
Volume of air that can be
Spirometry Spirometer Slow Vital Capacity (SVC) slowly exhaled after inhal-
ing after the tidal volume.
Volume of air in the lungs
after maximal inhalation.
Volume of air left in the
FRC lungs after normal expira-
tion.
Volume of air in the lungs
after maximum exhalation.
Volume of air that can be
ERV exhaled beyond normal ex-
halation.
Concentration of oxygen
Arterial blood gases and carbon dioxide in the
blood.

Forced Vital Capacity (FVC)
Forced Expiratory Volume (FEV)

Forced Expiratory Flow (FEF)

Maximum Voluntary
Ventilation (MVV)

TLC

RV

Blood gas

Gas di usion
analyzer

Table 4.5: Measurements and instruments for the determination of volumes
and respiratory capacity.

[40]

4.5.4 Respiratory Patterns

Respiratory patterns can be de ned in di erent types [43]:

Eupnea: refers to the normal respiratory rate, where gas exchange occurs naturally and
involuntarily.

Hyperventilation: describes very rapid and deep breathing, commonly caused by vol-
untary exertion, prior to exercise, or by psychological factors such as hysteria.
Hypoventilation:  describes a slow, shallow breathing pattern.

Dyspnea: refers to labored or di cult breathing also associated with hypoventilation.
Apnea: occurs when breathing stops completely for a short period of time, regardless of
the cause.

Respiratory arrest:  refers to the non-resumption of breathing after a period of apnea.
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455 Diseases of the Respiratory System

The diseases and conditions a ecting the respiratory system have di erent causes, whether
they are pathologies of bacterial or viral origins, pulmonary contusions, obstructions, pulmonary
impairment or hereditary illnesses, among others. All of them can a ect the respiratory capacity
of people and their lives in general, requiring respiratory physiotherapy to promote a prompt
recovery on their vital functions. In the following paragraphs some pathologies of the respiratory
system are brie y outlined, which have special importance in this project due to their connection
with the respiratory physiotherapies for lung re-expansion (see section 4.6) in the recovery
process.

Chronic Obstructive Pulmonary Disease

It is de ned as a slow and progressive air ow obstruction, which is only partially reversible.
The e ects of COPD in patients are measured by caregivers depending on the degree of lung
function abnormality, since this disease reduces the maximum respiratory ow [44]. Patients
su ering from this disease, mostly smokers, are prescribed respiratory physiotherapy, as this
improves not only the future course of the disease but also its quality and life expectancy.

Asthma

Asthma is characterized by chronic in ammation of the airways, presence of bronchial hyper-
reactivity and generalized pulmonary obstruction [45]. Asthma is associated with di culty
breathing and narrowing of the airways, accompanied by excess mucus secretions that give rise
to the asthmatic crisis. There are two types of asthma, extrinsic and intrinsic. Whereas the
former is mostly hereditary and the most common (about 80% of patients have it), the latter
is related to the adverse reaction to acetylsalicylic acid (commonly known as aspirin). [46].
Asthma symptoms can be reduced by respiratory physiotherapy, where breathing exercises seek
to re-educate breathing to achieve an improvement in the perception and control of asthmatic
crises [47].

Pulmonary Cystic Fibrosis

Cystic brosis is a congenital disease characterized by a dysfunction of the exocrine glands,
causing abnormally thick secretions. When this disease occurs in the pulmonary area, the secre-
tions obstruct the airways and increase chronic bacterial infections, causing an excessive in am-
matory response [48]. Although this disease is incurable, the treatments currently available are
aimed at reducing its e ects. Through respiratory physiotherapy and appropriate medication,
patients can improve their quality of life [49].

Neuromuscular Diseases

Neuromuscular diseases are a group of diseases that a ect the skeletal muscle, causing pro-
gressive loss of muscle mass and therefore muscle weakness. When this weakening occurs in
the pulmonary area, it can compromise three main groups of muscles: inspiratory, expiratory,
and those that innervate the upper airways [50]. Respiratory physiotherapy in a patient with
neuromuscular conditions should be initiated as soon as the disease is detected.
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4.6 Physiotherapies for Lung Re-expansion Processes.

Supportive physiotherapies for lung re-expansion processes are intended to promote the re-
habilitation of lung capacity and the reopening of the airways of patients undergoing sequelae,
collapse or atrophy due to respiratory diseases. Thereby, the common follow-up model for respi-
ratory physiotherapies usually starts from the ventilatory de ciencies of each patient and allows
them to improve their functional capacity and quality of life [51].

The establishment of rehabilitation physiotherapies begins with a rst stage in which the
patient is evaluated through di erent methods such as auscultation, X-rays, analysis of symp-
toms or chest inspection, among others. Subsequently, the physiotherapist in charge must issue
a medical prescription that will contain the objectives that the patient must achieve for their
recovery. Thereafter, the physiotherapist should continuously monitor the progress of the pa-
tient with physiotherapy. The components of each physiotherapy process are brie y outlined in
box 4.6-1.

Components of the physiotherapy process 4.6-1

1. Physiotherapy: Macro set of the whole rehabilitation process of the patient, in-
cluding evaluation, examination, diagnosis, treatment and re-evaluation.

2. Prescription:  Selection of intensity and appropriate physiotherapy techniques/ex-
ercises to be carried out by the patient.

3. Sessions: Amount of time in months, weeks, days or hours in which what is pre-
scribed by the physiotherapist must be carried out.

4. Series: Number of times a given physiotherapy exercise is repeated per session.
. J

At the same time, the pulmonary re-expansion physiotherapies are usually accompanied by
spirometry processes, either common or incentive, which allows testing the pulmonary function
during the course of the physiotherapy and evaluating the performance of the patient, leading to
the e ective monitoring of the evolution of the respiratory diseases that are sought to be treated.
Thus, the usefulness of spirometry is essential when implementing each of the physiotherapy
techniques for lung re-expansion processes [52].

From there, a compendium of physiotherapies emerges and the choice of the most appro-
priate one will depend on, as mentioned above, each de ciency of the patient, in addition to
the variables of height, age, weight and sex. In the prescription, aspects such as the intensity,
frequency (in terms of series and repetitions) and duration of each lung re-expansion physio-
therapy scheme are also considered, as well as the position in which the patient should be during
the exercises.

The compendium of physiotherapies considered under the comprehensive main research
project is shown in table 4.6. These physiotherapy techniques are established by the physiother-
apists associated with the development of the project, who have provided us with a detailed
description of the process and the steps in which each technique is carried out in Colombia.
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Technique Description/steps
1. Slow nasal inspiration until reaching the Maximal Breathing Capac-
Deep ity (MBC).
inspiration 2. Apnea for 3 to 10 seconds.

3. Slow expiration through the mouth with pursed lips (in whistle form).

1. Slow nasal inspiration.
Diaphragmatic

ventilation 2. Slow expiration through the mouth with pursed lips (in whistle form)

until reaching FRC.

1. Slow and short nasal inspiration.

2. Subsequent inspiration after an apnea of at least 2 seconds (the phys-

::r:scitrlgtri]gL iotherapist determines how many fractions will be handled, since it
P can be a fractional inspiration in 2, 3 or 4 times).
3. Slow expiration through the mouth with pursed lips (in whistle form).
1. Slow and short nasal inspiration, expiring a small amount of air
Short through the mouth with pursed lips (in whistle form).
expiration ) ) ) )
2. Repeat until determined by the physiotherapist.
. 1. Short, forceful inhalation (nasal/mouth) until reaching the MBC
Inspiratory without apnea.
sighs
2. Slow expiration through the mouth with pursed lips (in whistle form).
Diaphragmatic ventilation technique.
_ Any of the techniques mentioned above.
Active cycle

Cough.

P w DN RE

Diaphragmatic ventilation technique.

Table 4.6: Description of techniques/exercises for lung re-expansion
processes.

4.7 Bernoulli's Equation

Bernoulli's equation essentially states a conservative relationship between velocity, pressure
and elevation of a owing uid.

2

P+ —+

> gh = constant, along a streamline®

4.1)

Equation (4.1) is the standard form of Bernoulli's equation [53], where is the density of the
uid, V is its velocity, P is the static pressure andh is its elevation with respect to a reference

4Streamline is an imaginary curve in the eld of a stationary ow that traces the path of a single particle
within the ow, where the velocity vector at any point on the curve is always tangential to the curve [53].
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point.

The terms of the equation assert that the sum of the static pressurd®, the dynamic pressure
VTZ and the hydrostatic pressure gh are constant for a uid owing along a streamline (with
special emphasis on the owing characteristic since, when motionless, the uid velocity is zero
and the equation reduces to P = g h, i.e., the hydrostatic equation [54]). Therefore, by ex-
amining this assertion, it is also possible to state that Bernoulli's equation is nothing more than
a statement of the principle of conservation of energy [53], since its terms refer fundamentally to
a gain in kinetic energy to increase the uid velocity, and a gain in potential energy exerted by
the uid due to gravity, that come at the expense of the work done by the static pressure. The
g. 4.11 shows a standard representation of the relationship exposed by Bernoulli's equation:

Figure 4.11: Representation of Bernoulli's equation in a pipe through which
a ow passes.

At the same time, it is important to mention that this particular mathematical expression
of Bernoulli is derived from the principle that bears the same name, which states the following:

When an incompressible, smoothly owing uid gains speed, internal pressure in the uid
decreases and vice versa [54].

Since Bernoulli's principle can be applied to di erent types of uids and in di erent envi-
ronments, Bernoulli's equation can have complex and varied forms [53], and it should be noted
that the standard form presented in eq. (4.1) involves certain limitations and considerations.
Whether its standard expression is obtained by deriving the principle of conservation of energy,
or from Newton's second law [54], the constraints that must be considered for the standard
Bernoulli's equation to be valid are set out in the box 4.7-1.
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Constraints and assumptions

1. Steady ow: It must be assumed that the uid does not vary with time, although
this does not imply that the same conditions must be present throughout the entire
ow eld, but rather that the ow pattern is the same throughout the eld, in other
words, a laminar ow [53].

2. Inviscid ow: Throughout, it is assumed that the ow will have a viscosity coef-
cient equal to zero and, although this implies less accuracy, it is still possible to
obtain su ciently reasonable results when the problem at hand does not involve
the interaction of the ow with certain regions of objects or circumstances where
viscosity is an important aspect to consider [53]. Thus, when the uid is air, for
example, the assumption of non-viscosity is ideal since it behaves as such, never;
theless, when it interacts with some regions near the edges of a solid, the e ects of
its low viscosity can be appreciated [55].

3. Incompressible: It is assumed that the density of the uid is always the same,
S0 it does not consider its compression. When it comes to air, once again, it is a
fact that it can be compressed, nevertheless, air compression occurs at considerably
high velocities, so as long as it can be assured that the air ow will have su ciently
low velocity (close to half the speed of sound) then variations in air density will be
negligible [53].

4. No heat addition: When heat is added to a uid, its density characteristics may
change, so it is assumed that the uid density behaves over a constant temperature
[56].

Thereby, keeping in mind the third assumption stated in box 4.7-1, eq. (4.1) can be expressed
in an even simpler form by removing the small changes that exist with respect to the uid density
in every point of the streamline (see eq. (4.2)).

2

Vv
P+ — = constant (4.2)

Now, when stating the constant equality of eq. (4.2), it is possible to rewrite it in another
way, bearing in mind the graphical representation shown in g. 4.11, since being constant
implicitly relates an equality at all points of the streamline. Taking two points as reference,
eq. (4.3) establishes the constant relation between two points with respect to incompressible
uids passing through a pipe.

Y
=
+
I
g
N
+

(4.3)
P, Py V& VP
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4.7.1 Bernoulli's Equation for Compressible Fluids

Although the assumption and limitation about certain phenomena in uids simpli es cal-
culations and can provide reliable results, modeling ow problems will not always allow such
assertions to be made. It is important to remark that there are also other versions of Bernoulli's
equation that can be applied to compressible and unsteady uids.

When it comes to compressible uids, the eq. (4.4) should be cons,!gered [53] It is noticeable
that, if the constraint of an incompressible uid is applied, then the Py P dP= = P= and the
equation turns into the standard form exposed above.

Z

Pdp  Vv?
— + 5 = = constant, along a streamline (4.4)
P1

4.8 Flow Measurement

It is possible to perform both mass and volumetri® ow measurements, both concepts incor-
porating the same techniques for measuring ow with slight modi cations, as well as their own
compendium of techniques for obtaining the physical variable (more information in [57]).Ac-
cordingly, the development of this project will cover the joint use of the concepts associated
with mass and volumetric ow measurement.

Among the most notorious techniques for volumetric ow measurement, it is possible to
nd principles such as di erential pressure, variable area, velocity (as found in conventional
anemometers) and force, among others [57].

With special emphasis on the di erential pressure principle for volumetric ow measurement
as being particularly sensitive and accurate [58], theDri ce Plate and Venturi Tube sensors are
highlighted, which will be particularly considered in the development of this project.

Thereby, di erential pressure sensors are based on Bernoulli's principle and its mathematical
representation can be derived from Bernoulli's equation. The eq. (4.3) approached in section 4.7,
is one of the fundamental equations to link the ow with the di erential pressure principle
since, considering that a volumetric ow Q, through two points of the streamline is described
as Qy = A1V: = AyV, and therefore Vi = AyVo=A1, eq. (4.3) can be expressed as follows
(considering P = Py P for simpli cation):

=VZ 1 2 (4.5)

Considering that the cross-sectional area of the pipe/sensor is circular (as shown in g. 4.11),
A1 and A, will be replaced by the area of the circle with diameterD and d respectively, yielding
the following:

SWhile the mass measurement is based on the number of molecules in the uid, the volumetric measurement is
based on the space these molecules occupy. Both measurements are comparable when pressure and temperature
compensations are included in the volumetric ow.
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=VvZ 1 — (4.6)

From here, it is possible to derive the fundamental equations for the description of the
relationship between the ow and the di erential pressure.

Taking the speedV, as main term:

s
Now solving the ow by Q, = A,V,, the following expression is drawn:
s 2s
Q= Az % = dT 21 P 4.8)
Where = d=D is a ratio used as a parameter in sensor design. It is important to keep

in mind that eq. (4.8) can be solved also for\; as main term.

Additionally, it should be noted that by not considering the compressibility of the uid and
the losses associated with friction, temperature, some experimentally determined correction
factors must be added to eq. (4.8). Among the organizations responsible for the standardization
of these factors are American Society of Mechanical Engineers (ASME), Association Frarcaise
de Normalisation (AFNOR) and International Organization for Standardization (ISO) [57].

Laying a general foundation on the standardization provided by ISO, the ISO-5167 standard
on Measurement of uid ow by means of pressure di erential devices inserted in circular cross-
section conduits running full, establishes a guide for approaching owmeters and is comprised
of four parts:

Part 1: General principles and requirements.
Part 2: Ori ce plates.

Part 3: Nozzles and Venturi nozzles.

Part 4: Venturi tubes.

In its rst part, ISO 5167-1 describes the generalities that have already been addressed in
the current section, in addition to considering two important factors that are added to eq. (4.8),
which seek to compensate for losses due to uid compressibility, the geometry of the sensor and
the turbulence turbulence in relation to the Reynolds Numbef® in the pipe. These coe cients
are: the discharge coe cient C and the expansion coe cient [59]. Consequently, the mass and

5Dimensionless number used in uid mechanics, reactor design, and transport phenomena to characterize the
motion of a uid. Its value indicates whether the ow follows a laminar or turbulent pattern.
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volumetric ow can be rede ned as shown in eq. (4.10), consideringQy = Qm= as the ISO
standard speci es the coe cients regarding the mass ow.

C d2p ——
S
C d2 2 P
Qv = p—l = (4.10)

It should be noted that the value of C and are values modeled on the basis of experimental
tests and depend on the type of sensor to be implemented.

4.8.1 Venturi Tube Sensor

A Venturi sensor is basically a tube whose cross-sectional area has a decrease in area that
is the smallest with respect to the dimensions of the other sections (see g. 4.12). Flow is then
obtained by measuring the pressure drop across the converging pipe section.

Figure 4.12: Venturi tube illustration without pressure taps.

The Venturi Tube is ideal for measuring ows that carry suspended solids (although they
must not be abrasive). For this type of sensor, the pressure taps should be located in the
convergent section of the tube and on the shorter side with respect to this section [57]. As
exposed above, the 1ISO 5167-4 standardizes the design of Venturi Tube sensors based on the
eq. (4.9) [60].

Thus, the standard de nes the discharge coe cient C as constant, depending on the type of
Venturi Tube design. This coe cient can be 0.984, 0.985 or 0.995 depending on the conditions
and construction parameters of the pipe [60]. Moreover, eq. (4.11) describes the behavior of
established by the standard.

- (4.11)

It is important to mention that eq. (4.11) is valid only for uids with an isentropic exponent
determined, as is the case of air, steam or natural gas. The equation is also limited for values
of P2/P1 greater than or equal to 0.75 and under speci c conditions that can be checked in the
standard ISO 5167-4 [60].
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4.8.2 Orice Plate Sensor

It is a sensor widely used for ow measurement of liquids and gases, characterized by being
simple and robust, low cost, having an acceptable accuracy and not requiring calibration as
long as the calculations and tolerances have been properly designed [57]. This type of owmeter
consists of a ow obstruction by installing a thin perforated plate inside a pipe (see g. 4.13).

As the perforation in the plate can be located at di erent positions, as exposed in g. 4.13,
the selection of one of them depends essentially on the application and the compaosition of the
uid. On the one hand, the Eccentric and Segmentalpositions of the perforation in the Ori ce
Place are commonly used for applications whose uids contain materials in suspension or steam
condensate. On the other hand,Concentric types of Ori ce Plates are recommended for clean
and low-viscosity liquids, as well as for most gases and low velocity steam [57].

Figure 4.13: Ori ce Plate structure. Perforation locations: (a.) concentric,
(b.) and (c.) eccentric, (d.) segmental.

As mentioned above, the ISO 5167-2 supports the design of Ori ce Plate sensors based on the
eg. (4.9). The two coe cients addressed by the equation,C and , are modeled in the standard
depending on the characteristics of the uid and the structure of the Ori ce Plate itself [61].
Thus, for the design of these sensors, the following is considered: the physical dimensions of the
Ori ce Plate, namely the diameters d and D, and the distances from the plate to the pressure
taps P1 and P2, i.e.,l; and |, respectively, as well as the viscosity of the uid owing through
the tube. Bearing this in mind, eq. (4.12) comes to describe the behavior of the discharge
coe cient C.

106 2 .
C =0:5961+0:0261 2 0:216 &+ 0:000521 e (0:0188 + 0:0063A) 3°
D
0:3 4
1@ 0043+ 0,08 M 012 M1 0,11A) (4.12)

Rep 1 4
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Where L1, Lo, A, M, and Rep bear the following expressions:

| 19000 ©8 2L 4
|_2:i2 A= , My= 2’ ReD:&

L = )
! D Rep

Finally, is determined by the eq. (4.13), which was determined experimentally in the
standard, and is valid only for uids for which the isentropic exponent has been determined,
as is the case of air, steam or natural gas. It is important to mention that is limited to modeling
values of P,=P; greater than or equal to 0.75.

|
p2 ¥

=1 (0:351+0:256 4+0:93 &) 1 51

(4.13)

4.8.3 Root Mean Square Error

The Root Mean Square Error (RMSE) measures the average di erence between two data
sets. It is usually applied for the comparison of a set of known or certain data and a set of
measured data. In turn, it us used as a standard statistical metric to measure model performance
in many elds of study [62].

The RMSE is de ned mathematically as follows:

S

RMSE = Flﬁ" (4.14)

Where x and y are the two vectors to be compared with a lengthN .
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Methods and Materials

The development process of the electronic system for monitoring the physical variables in-
volved in the physiotherapy processes will be covered. For the sake of conducting a structured
and deductive implementation, whose results can be e ectively integrated into the comprehen-
sive external project, a conscious use of the methodology proposed by TRIZ will be made,
with certain essential nuances of Design Thinking, in order to achieve a systematic approach to
the problem that leads to inventive and innovative implementations. At the same time, the Ax-
iomatic Design and the decision methodology proposed by the AHP will be of crucial support in
the selection of the devices suggested by the outcomes of the systemic analysis, so that sensible
decisions can be addressed based on weighty criteria for contextual implementations. Meanwhile,
Bernoulli's aerodynamic theory along with standardizations also support the development of the
models for capturing the physical variables involved in the breathing process.

Last but not least, it is worth highlighting that some of the local developments will be closely
related to materials, results and approaches obtained in di erent units of the comprehensive
external project framework throughout its work, leading to the integration of transdisciplinarity
and inter-institutionality. Although the results to be obtained with the development of this local
project are closely related to the progress of the external project, it is important to di erentiate
them carefully, since they are not the same, and the local work will correspond only to the
developments in the monitoring system. It is important to point out that each section covered
here will implicitly address the speci ¢ objectives stated in chapter 2 on page 4.

5.1 TRIZ Method

Approaching the breakdown of the problem from the TRIZ methodology framework will
require a judicious initial formulation of the problem, which will lead to a well-founded systemic
analysis. Thus, it is possible to point out that the basis of the problem lies in the need to
support the recovery process of patients with sequelae of pulmonary diseases, who undergo
treatment with lung re-expansion physiotherapies, through an electronic monitoring system
that is able to o er better characteristics than those obtained with the currently used devices.

It is worth mentioning that the subsequent integration, within the framework of the external
project, of the electronic solution obtained with this development, will mainly seek to solve
the problems of adherence to the physiotherapies and provide information on the patient's
performance throughout the recovery process.

Having de ned the problem to be addressed, the abstraction process shown in the g. 4.1
on page 9 follows, which proposes the identi cation of the representative view of the TS. Before
proceeding, it should not be forgotten to establish the de nition of the Main Function performed
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by such system, which will be essentially to monitor the variables of inspiratory and expiratory
ows and volumes involved in the physiotherapy processes of lung re-expansion, providing feed-
back and adherence to the patient. As a reference TS that responds to the Main Function, we
will take one of the most common commercial systems for hospital use in Colombia, th&ri o
incentive spirometer (see g. 3.3 on page 7), although the volume monitoring feature can be
referred in the same way to theVoldyne exerciser.

As regards the de nition of the components of the TS, based on box 4.1-1 on page 10, the
following has been established:

Engine: Respiratory system (refer to section 4.5).

Transmission: Spirometer structure, i.e., air duct.

Working tool:  Internal spheres that vary in height with respect to a reference point.
Control: Central nervous system (visual system).

Casing: Inner walls of the device.

With the TS delimited (also shown in g. 5.1), the systemic analysis through nine-window
analysis is carried out as a fundamental means to determine the complexity of the problem and
its most substantial attributes, as well as the evolution of the TS itself in completeness.

Figure 5.1: Graphical representation of the technical system.

5.1.1 Systemic Analysis

Starting from the reference TS and the Main Function linked to its operation, we rst
postulate the de nition of the temporal windows of present and past in all their spatial stays
(following the numerical proposition of g. 4.3 on page 11), i.e. the known eld of the components
of the problem, to then get into detail on the hypothetical windows of the future.
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Analysis of the Present

(W1).

(W2).

System: Within the framework of the reference TS, there are currently conventional
pneumatic systems used in hospitals. The aforementionedrio and Voldyne spirom-
eters are a clear reference. These incentive support equipment have, among their most
notorious characteristics, low acquisition costs and wide availability in the market, mak-
ing them easily accessible for both patients and physiotherapists. Their designs are not
excessively complex, since they have generic mouthpieces that can generate discomfort
at the time of use. Although they include simple visual feedback for the patient, their
purpose is to serve as ow or volume meters, rather than as incentives or informative
elements about the performance of the physiotherapies. Nevertheless, they are comfort-
able and easy-to-use devices that do not require external power sources or calibration
systems.

Moreover, despite the high costs already mentioned, there are also devices that o er more
advanced features for the common purpose of supporting respiratory physiotherapies.
Breathaciseg Silver t-Flow and Spirobank Smart spirometry devices (see chapter 3 State
of Art for more information about them) are well suited to this purpose, despite their
low presence in Colombian health centers.

Supersystem: Regarding the supersystem associated with the present time, special
mention should be made of incentive spirometry as a totalizing component. Incentive
spirometry is a non-invasive approach to respiratory physiotherapy to prevent and re-
cover pulmonary complications by promoting controlled inspiration with patient-friendly
methods. Meanwhile, with respect to incentive spirometry, it is known that its e ective-
ness has a strong dependence on adequate and carefully patient instruction and super-
vision by health personnel or other caregivers [4], in such a way that it is possible to
improve many of the consequences caused by pulmonary diseases and have prompt recov-
ery. Nevertheless, when incentive spirometry is performed with insu cient instructions

or by self-administration without the necessary knowledge, it can result in pulmonary
complications, so it is not recommended to practice it without professional supervision.

Being part of the present supersystem, the spirometry incentive also encompasses the nec-
essary equipment and resources for its execution, i.e. spirometers, the export and import
of support equipment for physiotherapies and the production lines for this equipment.
Nevertheless, the current challenging circumstances regarding the actual e ectiveness of
equipment and resources for physiotherapy processes with spirometry have increased the
importance of looking for ways to substantially improve and support these processes,
alleviating the burden of the disease for both patients and healthcare personnel.

It is also possible to harbor some nuances of respiratory diseases in this supersystem,
as the existence and constant evolution of these diseases make the use of physiotherapy
support equipment imperative. To provide a brief example, the pandemic due to the
recent coronavirus (SARS-CoV-2) declared by the World Health Organization on March
11, 2020, has brought millions of deaths and negative consequences worldwide, resulting
in high mortality associated with viral infections due to Severe Acute Respiratory Syn-
drome (SARS). In this sense, the coronavirus pandemic is a very recent case in which
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pulmonary diseases force to modify the methods to counteract the sequelae in patients.
At the same time, the growth of respiratory diseases has increased the importance of
new technologies capable of managing recovery from pulmonary failure. Consequently,
the timely recovery of the health of patients has posed enormous challenges to global
healthcare systems, including promoting the adherence of patients to prescribed treat-
ments through incentive procedures [63].

Additionally, it is also worth mentioning that one element of the present supersystem
is the Sustainable Development Goals (SDG) of the United Nations Development Pro-
gram, of which the one related toGood Health and Well-beingstands out in this regard.

This goal in particular mentions that good health is fundamental for sustainable devel-
opment, in addition to the fact that health coverage must be comprehensive and without
inequality [64].

Subsystem: As part of the present subsystem, it is possible to determine the components
of the current system, namely the plastic materials that make up the walls, spheres and

ducts of the device. At the same time, the markers made for the measurement of ow

or volume variables, and the brief user's manuals are part of these components. As
mentioned previously, their design and structure are not essentially complex, since the
elements that make up their subsystem can be easily di erentiated without disassembling

the equipment.

The move towards the digital and electrical domain in other versions of the current sys-
tem has brought with it the integration of various sensor and microcontrolled systems,
becoming part of the current subsystem as well. Frequent use of di erential pressure
and hot-wire sensors can also be observed nowadays in respiratory ow monitoring sys-
tems. Turning a blind eye to the high monetary costs and just to provide an example,
hot-wire sensors are modern solutions that deliver digital and fully calibrated output
signals, avoiding the use of signal conditioners or analog-to-digital converters (ADC).
At the same time, hot-wire sensors allow ow readings in both directions without major
complications in their implementation [65]. It is also worth mentioning that, currently,
many of the respiratory ow measurements are hampered by constant changes in humid-
ity or temperature, as well as by contamination of the tubing or expiratory sensors with
sputum, pathogens and blood.

In turn, the various techniques that exist for the measurement of respiratory ow are part
of the subsystem. Although the development of the project will only cover the direct ow
method by di erential pressure, it is important to know some of the other techniques
to obtain this variable in spirometry. Figure 5.2 summarizes these techniques, which
range from those based on direct air ow, through sound measurement, air temperature,
humidity, chemical components of the air, chest movements, and even those obtained by
modulation of cardiac activity [58]. Each of them is associated with a certain sensor or
measuring device with which the direct or indirect measurement of respiratory ows and
volumes can be carried out.

The subsystem also includes physiotherapies, i.e., the actual procedures carried out in
order to recover the pulmonary functionality of patients (refer to section 4.6). These
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Figure 5.2: Most popular techniques for measuring respiratory ow. Figure
taken directly from article in reference.

[58]

physiotherapy processes fundamentally require the assistance of a physiotherapist and
the evaluation of the patient's progress based on the performance and evolution of the
treatment. Currently, physiotherapy processes for pulmonary rehabilitation are done
through individualized treatment in patients after making detailed evaluations. Most
physiotherapies are based on physical training, in addition to having psychological and
nutritional support. This approach aims to improve physical and mental conditions and
early family reintegration after recovery from the aftermath of pulmonary diseases [3].
Hence, respiratory physiotherapy processes play an important role in the timely and
e ective recovery of patients, by deploying a compendium of special techniques that
help the progressive improvement of patients [4].

Analysis of the Past

(W4). System:. Besides the classicTherapeutic Incentive Spirometer mentioned in chapter 3
State of Art (which is hardly di erent from the current Trio spirometer), in the past it
was common to usePeak- ow meters, a device that measures ow in patients by means
of a pneumatic indicator that is driven by expiring through a mouthpiece.

Although peak- ow meters provide reliable information on lung function, the quanti-
tative measurement of ows and volumes involved in the physiotherapy process is still
approximate and prone to errors when using this device, which is not a calibrated equip-
ment, so that the use of di erent devices of the same class under the same conditions may
lead to di erent measurements [66]. Nevertheless, the peak- ow meter has the advantage
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