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em Engenharia Electrotécnica e de Computadores, de acordo com o disposto no
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There is a theory which states that if ever anyone discovers exactly what the Universe is

for and why it is here, it will instantly disappear and be replaced by something even more

bizarre and inexplicable. There is another theory which states that this has already

happened.

Douglas Adams (1952 – 2001)

As in biomedical science, pioneering industrial inventions have not been mothered by

necessity. Rather, inventions for which there was no commercial use only later became

the commercial airplanes, xerography and lasers on which modern society depends.

Arthur Kornberg (1918 – 2007)

We build too many walls and not enough bridges.

Sir Isaac Newton (1643 – 1742)

Dedicated to Simone, Paula, Herbert
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da Universidade de Trás-os-Montes e Alto Douro

Professora Doutora Argentina Maria Soeima Leite,

Professora Auxiliar do Departamento de Matematica da

Universidade de Trás-os-Montes e Alto Douro

Andreas Drauschke,

FH-Professor, Dr do Department Life Science Engineering da

University of Applied Sciences Technikum Wien

x



Avaliação dum Simulador Ativo do Pulmão

para Medições de Aerossóis na Respiração

Mathias Forjan

Submetido na Universidade de Trás-os-Montes e Alto Douro

para o preenchimento dos requisitos parciais para obtenção do grau de

Doutor em Engenharia Electrotécnica e de Computadores

Resumo — Os aerossóis estão onipresentes, na vida diária, no local de trabalho

e na terapia médica. A informação sobre a confiança nas part́ıculas transportadas

pelo ar e inaladas ainda é escassa e é baseada principalmente em suposições. Uma

simulação da respiração que proporcione a oportunidade de medir as part́ıculas

realmente depositadas está dispońıvel apenas com simplificações e limitações. Esta

tese foca-se na avaliação do simulador pulmonar eletromecânico da respiração ativa

xPULM para pesquisa respiratória. Este inclui a simulação de vários modos de

respiração e a utilização de vários equivalentes pulmonares. Estes equivalentes

pulmonares representam duas posições extremas na faixa de complexidade. Por um

lado, são usados dois sacos de látex, sem estrutura interna, mas com parâmetros de

volume e elasticidade definidos. Por outro lado, é introduzido um pulmão extráıdo

do porco, representando estruturas anatômicas e caracteŕısticas dependentes do

tempo comparáveis ao tecido real. O pulmão porcino foi resgatado do processo de

produção de carne e é, portanto, encarado como alternativa a teste em animais.

Além disso, o simulador é avaliado relativamente à integração dum sistema de

medição direta de aerossóis, para análise cont́ınua da concentração e distribuição

do tamanho das part́ıculas inaladas e expiradas. Quatro aerossóis baseados em

material de origem ĺıquida e dois aerossóis usando part́ıculas sólidas foram usados

na avaliação do sistema de medição. Os protocolos de medição incluem quatro

frequências respiratórias e cinco volumes correntes, abrangendo a gama da respiração

fisiológica. Os aerossóis foram gerados em laboratório e também através de sprays

dispońıveis comercialmente. Para garantir uma medição correta, um sistema de

diluição de aerossóis teve de ser desenvolvido, testado e integrado no sistema de

xi



medida. Os resultados mostram que a configuração de medição fornece modos

de respiração reproduźıveis em ambos os equivalentes pulmonares indicados. A

caracterização de aerossóis com base no número, concentração e distribuição do

tamanho das part́ıculas é posśıvel para o modo respiratório escolhido. Para o sistema

de diluição de aerossóis, foi desenvolvido um protótipo em poĺımero impresso em 3D,

com funcionalidade comprovada, mas que mostrou limitações durante a uso a longo

prazo. No global os resultados mostram as capacidades e a reprodutibilidade do

xPULM e do sistema de medição. Desenvolvimentos posteriores desta configuração

visam aplicações na segurança no local de trabalho, educação e avaliação de aerossóis

médicos.

Palavras Chave: 3Rs, simulação de pulmão, respiração pulmonar ativa, deposição

de part́ıculas de aerossol.
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Abstract — Aerosols are ubiquitous, in daily life, at the working place and

in medical therapy. Information about the faith of inhaled airborne particles is

still scarce and is mainly based on assumptions. Breathing simulation providing

the opportunity to measure actually deposited particles is available only under

simplifications and limitations. This thesis focuses on the evaluation of the actively

breathing electromechanical lung simulator xPULM for respiratory research. This

includes simulation of various breathing modes and using different lung equivalents.

These lung equivalents represent two extreme positions in the range of complexity.

On the one hand two latex bags are used, which have no internal structure but

defined parameters like volume and elasticity. On the other hand a primed porcine

lung is introduced, representing the anatomical structures more realistic and time

dependent characteristics, comparable to actual tissue. The porcine lung has been

salvaged from the meat production process and is therefore seen as alternative to

animal testing. The simulator is moreover assessed concerning the integration of

a direct reading aerosol measurement system for continuous analysis of number

concentration and particle size distribution of in-/ and exhaled particles. Four

aerosols based on a liquid source material and two aerosols using solid particles

are used for the evaluation of the entire measurement setup. The measurement

protocols include four breathing frequencies and five tidal volumes, covering the

range of physiological breathing. The aerosols include laboratory generators as well

as commercially available sprays. In order to ensure correct measurement, an aerosol

dilution system had to be developed, tested and integrated into the measurement

setup. Results show that the measurement setup is providing reproducible breathing
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modes for both included lung equivalents. Aerosol characterisation based on number

concentration and particle size distribution is possible for the chosen breathing mode.

The aerosol dilution system, produced as a 3D printed polymer based prototype,

has proven functionality but showed limitation during long term use. The overall

results show the capabilities and reproducibility of the xPULM and the measurement

system. Further developments of this setup aim for applications in working place

safety, education and assessment of medical aerosols.

Key Words: 3Rs, lung simulation, active breathing lung, aerosol particle

deposition.
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Luis José Calçada Torres Pereira. He helped me to build bridges, not only between

countries, but also in scientific working. Inspired by the mind–set “An engineer has

always a solution”, this was possible. Thanks to him, I have learned to understand
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1 Introduction

This work is embedded in the field of respiratory research, aerosol characterisation

and daily life applications of particles. The motivation is to evaluate a actively

breathing electromechanical lung simulator for being used within this fields of

interest and in order to be developed further as an alternative to animal testing.

1.1 Motivation

Every person inhales particles of manifold characteristics all the time in different

concentrations and under various circumstances. The reason is that aerosols are

ubiquitous. Depending on the environment and physical state and activity of the

person, particles are transported into the respiratory tract. In some cases this is

performed intentionally, for example by inhaling pharmaceuticals or simply taking

a deep, relaxing breath. However, information about the pathway of the particles

within the respiratory tract, the likelihood of their deposition and their faith during

respiration are still not completely known and therefore focus of ongoing research.

Therefore respiratory and aerosol research is conducted not only as singular topics

but also combined and depending on each other across disciplines.

1
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Respiratory research focuses on a deeper insight into physiological breathing

processes, as well as into pathological changes. Such pathologies like asthma and

chronic obstructive pulmonary disease (COPD) belong to the top three causes for

hospital admissions in the European Union. According to the Health survey from

2016 (OECD/EU, 2016), COPD caused over 200 admissions per 100.000 citizens of

the EU21 in 2013. Moreover, COPD is among the leading causes of mortality and

chronic morbidity within the European Union. In 2013, approximately 170.000 died

because of COPD (OECD/EU, 2016). Asthma and COPD lead to a change in the

breathing behaviour of the patients and inhibit certain activities due to shortage

of breath or even ineffective gas exchange within the lung. Besides the change of

habits and nutrition, those respiratory diseases are partially treated with inhalative

drugs. These pharmaceuticals have to be transported into the desired region of

the lung tissue in an adequate dose and with a defined probability in order to

provide the desired effects. Research in the fields covering breathing parameters

and characteristics as well as particle inhalation and deposition, is therefore aiming

at a highly prevalent and current topic of healthcare.

Another point of view which relates to pathologies of the respiratory system is

occupational health. As a technical report from the World Health Organisation

(World Health Organization, 1999) shows, the exposure to airborne particulate

matter during work can cause several occupational diseases, reaching from fibrosis

via pneumoconiosis to cancer. Such occupational diseases have a high prevalence and

lead to a high economic burden on healthcare systems (World Health Organization,

1999). Currently the maximum workplace concentration values of known aerosols are

defined internationally as well as on national levels and mostly base on mathematical

models and values derived from experience. Depending on the information provided

by the manufacturers of such materials, concentration levels are calculated at which

the material in question does not harm the human subject. These values are

called Derived No-Effect Levels (DNEL) and are publicly available on databases, for

example of the German accident insurance (Institut für Arbeitsschutz der Deutschen

Gesetzlichen Unfallversicherung, 2018). Publishing the information about the
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hazardousness of specific products has been made mandatory by the European

Union by the Regulation concerning the Registration, Evaluation, Authorisation

and Restriction of Chemicals (REACH) (European Parliament, 2006), which in

consequence increases the necessity of knowledge about interactions of listed

products with the human respiratory system in case of inhalation.

In current times millions of vertebrates have to be used for testing the toxicity and

hazardousness of thousands of chemicals due to the REACH regulation (European

Parliament, 2006) and ingredients of the chemical and cosmetic industry (Council of

the European Communities, 1976). Based on the legal provisions of the European

Union concerning the ban of animal testing in cosmetic products the industry has

to search for and establish alternatives to animal models. With the enforcement of

the Cosmetics Directive (Council of the European Communities, 1976) and the later

implementation of the new Regulation on Cosmetic Products (European Parliament,

2009) the EU will ban cosmetic products which have been tested on animals or

even contain ingredients, which have been tested on animals. By this provision

the pressure on the cosmetics industry increases. This is especially the case as the

assortment of cosmetic products does not only contain solid materials like gels or

cremes, but also inhalable products like sprays, for example deodorants and hair

sprays. Those products will have to be tested on their hazardousness as well

as solid materials. At the current status inhalative toxicity studies, related to

carcinogenicity and hazardousness, are performed using animal models (using mice,

rats or even bigger vertebrates) (Forjan, 2011). In the field of aerosol measurements

and inhalation tests, the presented work aims to develop a valuable alternative to

animal models. The lung simulator presented in this work is intended to work with

different lung equivalents (Latex bags, primed porcine lungs and even vivid pig

lungs) (Forjan, 2011; Forjan et al., 2011; Stiglbrunner et al., 2010). A measurement

procedure that includes healthy porcine lungs as a model for an actively breathing

human lung will reassemble the human situation very closely (Kaye et al., 2000).

The correctness and significance of aerosol measurements is depending on the

one hand on the used particle dispersity – monodisperse or polydisperse aerosols

– and on the other hand on the measurement setup (Hinds, 1999; Ruzer and
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Harley, 2012; Baron and Willeke, 2005). In case of integrated optical measurement

systems, simultaneous particle measurements during breathing processes are

possible. Nevertheless those measurements can only be performed within a certain

size range and concentration, depending on the integrated measurement system

(Forjan, 2011).

The evaluation of the quality of an aerosol measurement and interpretation of

its results prerequisites adequate education. Education also represents the first

step of rising awareness and is therefore another reason for performing research on

lung simulation in combination with aerosol application. The system of an active

breathing lung simulator, allowing the observation of breathing processes and giving

insight into breathing mechanics and aerosol deposition behaviour, can be used for

education purposes as well as training of medical professionals. Such a model allows

the visualisation of the breathing processes, also during mechanical ventilation and

the interaction of a lung equivalent with inhaled particles of different types. Such

teaching goals may already be included at secondary education level, as Fischer,

Fleck and Simon show by integrating the xPULM system as exemplary application

in their biology school book (Fischer et al., 2017). Based on that, education in

the terms of lung simulation and aerosol production and measurement should also

be part of topic related study programs at an undergraduate and postgraduate

level. Research, development and application of the above mentioned topics shall

be included in courses, in a way that the learning curve of the students is supported

and the consequent increase of knowledge and awareness is promoted.

It is the main aim of this work to evaluate the presented electromechanical lung

simulator as part in an aerosol in- and exhalation measurement setup. By such

means a valuable alternative to respiration test animal models can be offered to the

affected industry, but also other fields of research, like occupational health, can profit

from this development. An example could be the measurement of inhaled particles

at a specific workplace during a typical working day. Information about the amount

and characteristics of deposited particles in a human lung is currently not available,

which can be seen as a potential hazard for working place safety. In contrast to
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current measurement systems, which are basically set up as quantitatively measuring

systems, such a novel system would give information about the amount and size of

particles inhaled at a specific place during realistic environmental conditions.

The presented work of improving and evaluating the lung simulator is embedded

in two strategic long term goals: The first goal is to establish an accredited

testing and calibration laboratory, based on the ISO/IEC 17025:2017 standard

(International Electrotechnical Commission, 2017). The named fields of research

do require, besides scientific impartiality and excellence, a consistent operation

of the conducting laboratories including structural, resource, management system

and process requirements. The lung simulator will be an integral part of the

activities of this testing and calibration laboratory. The second goal aims at

establishing a validated alternative to animal testing in accordance with the EURL

ECVAM’s (European Union Reference Laboratory for Alternatives to Animal

Testing) validation process (EURL ECVAM, 2018). This process will include

four main steps, which have to be taken for the validation of the presented lung

simulator. In the first step the test method will be assessed according the relevance

for regulations and stakeholders. Afterwards validation studies are planned and

executed including public, technical and regulatory input. In the third step the

validation studies undergo a peer review, resulting to a scientific advice. In the last

step EURL ECVAM recommendations regarding the status of validity for the test

method are developed and finally published.

This work supports both long term goals and the progress connected to it.

1.2 Objectives

The main objectives of this thesis are:

i) Confirmation of the functionality of the used active electromechanical lung

simulator

ii) Confirmation of the functional integration of an optical aerosol measurement
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system into the breathing simulation setup

iii) Evaluation of the integration of the active lung simulator for aerosol respiration

measurements as alternative to animal testing methods in inhalation testing

1.3 Organisation of the PhD Thesis

This PhD thesis is divided in five main chapters. In the first chapter an introduction

of the subject, the motivation and main objectives of the work are presented.

Chapter 2 is dealing with the scientific and state-of-the-art background of this work.

It includes a description of the human respiratory system, the current options of

simulating a human lung in various ways as well as approaches for the simulation of

particle deposition in the respiratory system, the basics about aerosol production,

its transport and measurement and an introduction into the topic of ex-vivo lung

perfusion. This section of Materials & Methods includes the description of the

presented lung simulator, xPULM. The simulator will be put into context to state

of the art research and solutions as well as the necessary steps connected to it for

reaching the two strategic long term goals. The chapter closes with tabular and

detailed descriptions of the experimental setups and the measurement protocols of

this work.

In chapter 3 the results of the performed measurements are summarised and

described. These include the evaluation of the electromechanical lung simulator

according to both, state of the art alternatives and the accuracy and repeatability

of its breathing patterns and the measurements of produced and deposited aerosols

within the chosen lung equivalent, according to the predefined measurement

protocols. Moreover, the results of the evaluation process and the reached steps for

establishing a validated alternative to animal testing and a calibration and testing

laboratory are presented.

Chapter 4 includes the discussion of the produced results and approaches, focusing

on the main topics of this work, covering lung simulation, breathing simulation,

aerosol production & dilution and aerosol deposition. The chapter closes with an
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outlook and the future challenges for the presented approach and the identified tasks

for the further development.

The thesis ends with chapter 5 giving a conclusion about the chosen approach and

the results of this work.

1.4 Related Publications

Parts of this thesis have been published in the following publications (sorted

alphabetically):

David, V., Forjan, M., Steiner, T., Bures, Z., and Drauschke, A. (2013). Mechanical

and electrical specifications of the active lung simulator i-lung development of i-lung

1.0 to i-lung 2.0. IFAC Proceedings Volumes, 46(28):1323. 12th IFAC Conference

on Programmable Devices and Embedded Systems.

Forjan, M., Stiglbrunner, K., Weinfurter, A., Wurm, M., Drauschke, A., and Krösl,

P. (2010). Technical comparison of a novel lung simulator with the TTL 5600i of

Michigan Instruments. In Dössel, O., editor, Biomedizinische Technik/Biomedical

Engineering, volume 55. Walter de Gruyter GmbH.

Forjan, M. (2011). Aerosol production technologies for respiratory research

purposes. Master Thesis, University of Applied Sciences Technikum Wien, Vienna.

Forjan, M., Stiglbrunner, K., Bures, Z., and Drauschke, A. (2011). Overview
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measurement. In Morrison, B. and Hamza, M. H., editors, Biomechanics,

Biomech2011. Acta Press.

Forjan, M., Stiglbrunner, K., Bures, Z., and Drauschke, A. (2012). Development of

an integrated aerosol measurement system in the i-lung. In 8th World Congress on

Alternatives on Animal Use in the Life Sciences, volume 1, pages 115-120. Altex.

Forjan, M. and Frohner, M. (2014). Development of the mcm - mobile circulatory
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J., and Hyttinen, J., editors, EMBEC & NBC 2017: Joint Conference of the
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2 Materials & Methods

The aspects of anatomy and physiology, as well as the basics of aerosol

characterisation and application are foundational parts of this thesis. Moreover, the

context of the state of the art in lung simulation, the realised experimental protocols

and the xPULM as core element of the measurement setups are introduced.

2.1 Respiratory System

The cells of the human body are depending on the availability of O2 for producing

energy. During oxidative metabolism processes CO2 is produced and has to be

emitted. The gas exchange, taking place in the lung, allows O2 to reach the blood

by diffusion which then facilitates the transport to the cells of the organism. The

gas exchange takes place at the blood-gas barrier, which separates the alveoli from

the capillary blood vessel system of the lung. The respiratory system is therefore

depending on two mechanical transportation systems: On the one hand the blood

has to be transported via the vessels within the pulmonary circuit through the

capillaries. On the other hand the air has to be transported from the environment

through the complex branching structure of the airways to the alveoli. The

11
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diffusion of breathing gases through the alveolar membrane is depending on the

available surface and the thickness of the membrane, as geometrical factors and the

gas concentration gradients. (Klinke and Silbernagl, 2003) Like the transport of

gases within the respiratory system, the transport of airborne particles within the

respiratory tract is depending on geometrical characteristics and the flow of carrier

gases, besides the size of the particles, the temperature and humidity within the

respiratory system. These factors are influenced by the anatomy of the respiratory

tract and the physiological processes linked to the breathing process.

Anatomy

The anatomical components of the respiratory system include two main parts: On

the one hand the interchanges of gases take place in the lungs themselves, including

bronchi and alveoli. On the other hand the gaseous mixture is transported to and

from the lungs via the respiratory passages, which include the nasal cavities, the

mouth, the pharynx (nasal and oral), the larynx and the trachea. From the bronchial

tree onwards the respiratory pathways are embedded into the lung tissue. (Hamilton

et al., 1976)

The human pharyngeal region is divided into three parts. The upper, therefore

most peripheral part, is named nasal pharynx (Pars nasalis pharyngis) and lies at

the height of the nasal cavity. The subsequent part in caudal direction is the oral

pharynx (Pars oralis pharyngis), which is situated at the level of the second cervical

vertebra. The third part of the pharyngeal region is called the laryngeal pharynx

(Pars laryngea pharyngis) and is situated at the level of the third to sixth cervical

vertebrae. The next major component of the respiratory passage is the larynx itself.

The main task of the larynx is to close the further respiratory components, in case

of swallowing, coughing and the production of sounds. Given the requirements,

the larynx consists of pressure stable and solid, but moveable components like

several cartilages, and muscles. The central oriented end of the larynx connects

to the trachea, which is the last component of the respiratory passage which is
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not embedded into the lung tissue. The human trachea is composed from 15–20

stable components, so called cartilaginous rings. These are spread over a length

of 10–12 cm in case of breathing at rest. During deep inhalation the length of the

windpipe may stretch for approximately 1.5 cm additionally. The inner diameter

of the human trachea is about 16–18 mm, where additional 2 mm may be caused

by deep inhalation. Before the bronchial tree starts, the windpipe divides into

left and right main bronchus (bronchus principalis sinister & dexter) at an angle

of 70° producing an extension at the inner side, called carina (Carina tracheae).

(Lippert, 2003)
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Figure 2.1 – Main branches of the respiratory tract starting at the trachea up to the anterior

basal bronchioles in A) and the main elements of the respiratory system including the setup of

the trachea and the specific cell types in B) (Illustration taken from and based on (Hamilton

et al., 1976))

Due to the position of the heart and the aortic arch the right bronchus is slightly

shorter than the left one and lies in a more vertical position, as shown in part (A) of

figure 2.1. On the right side, the upper lobe detaches from the main bronchus in a

90° angle, dividing into three bronchi, which are called apical, posterior and anterior.

After approximately 2 cm, the middle bronchus parts from the main bronchus leading

into the anterior and lateral bronchus. The end of the right bronchus is characterised
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by its separation into four basal bronchi segments, which are called cardiac, lateral,

posterior and anterior. This setup also represents the division of the right lung

into three lobes. On the contrary, the left lung is built up on two lobes. The main

bronchus first stretches for approximately 5 cm from the main bifurcation before it

divides into the upper lobe bronchus and the lower lobe bronchus. The upper division

bronchus separates into an apical, anterior, superior and an inferior bronchus. The

lower division bronchus divides into the three basal bronchi, called posterior, lateral

and anterior. (Hamilton et al., 1976)

The structure of the bronchi changes with increasing distance from the trachea as

their root. The horseshoe shaped cartilages which are the main construction unit

and contributing to the stability of the respiratory passage, change their shape to

rather irregular plates until the diameter of the terminal bronchioles gets smaller

than 1 mm, where they disappear and are replaced by smooth muscle cells, which

are capable of controlling the calibre of the airways. A terminal bronchiole develops

into one or more so called respiratory bronchioles. These parts of the airway already

have single alveoli as their wall components. The next generation of divisions lead

to the alveolar ducts, ending up in atria and pulmonary alveoli. Figure 2.1, part

(B), shows the development of the structural components of the respiratory passage

from the trachea to the alveoli. (Hamilton et al., 1976)

The lung itself has basically no form. It is rather shaped by the available space and

other restrictions, like organs, vessels and anatomical structures. The main spatial

restrictions are given by the thorax and the diaphragm. A graphical representation

of shape and main parts of the lungs is depicted in figure 2.2. The cupola of the

diaphragm leads to a concave base of the lung, whereas the heart and main blood

vessels lead to structural deformations of the lung tissue on the central side. At the

hilum pulmonalis the main bronchi and blood vessels enter the structure of the lung.

The rest of the surface of the lung is covered by the visceral pleura (pleura visceralis

pulmonalis). Even though the left lung only has two lobes due to the embedded

anatomical structure of the heart, the right lung is limited in its lower movement

and shape by the liver. Therefore the ratio of weight, as well as volume between
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Figure 2.2 – Anatomical structures of the human lung with the two lobes of the left lung

A) and three lobes of the right lung B) (Illustration taken from and based on (Hamilton et al.,

1976))

right and left lung is approximately 11:10. (Lippert, 2003)

The breathing movement of the lung is supported by the pleural components

surrounding the lung tissue. The mentioned visceral pleura adheres to the surface

of the lung itself and also stretches into the fissures between the lung lobes. The

parietal pleura on the contrary, covers the cavity in which the lung is situated

and is described in four parts, which are called diaphragmatic, costal, mediastinal

and cervical – describing their positions within the thorax. Each lung is therefore

contained in a pleural sac, leaving a closed cavity between the visceral and the

parietal pleura. The pleura itself is a fluid secreting membrane. This fluid is

distributed over the entire surface as a thin film, serving as a lubricant for free lung

movement. As both pleural membranes are attached to their structures, inspiratory

movement of the chest leads to an increased negative pressure in the pleural sacs

and simultaneously to stretching of the lung and consequently to inhalation. The
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main exhalation mechanism is therefore passive and given by the elastic recoil of the

pulmonary tissue. (Hamilton et al., 1976)

The lung is connected with the heart via the lung artery (Arteria pulmonalis)

transporting the blood into the lung tissue. The arteries within the lung mainly

follow the branching of the bronchi, whereas the venous system, transporting O2

enriched blood back to the heart, is mainly lying between the lung segments. The

blood is collected in the two pulmonary veins (Vena pulmonalis dextra & sinistra)

in their regional manifestation as upper and lower (superior & inferior) pulmonary

vein, leading separately into the left atrium of the heart. (Lippert, 2003)

Anatomical Comparison between Human and Porcine Lung

According to Judge et al. (Judge et al., 2014) the porcine lung is used in several fields

of translational medical research. This includes ongoing research on cystic fibrosis

and studies of respiratory diseases, like COPD, pneumonia and also ventilation

induced lung injuries, as well as anesthesia and transplantation research. Despite its

growing use as alternative examination model, the porcine respiratory tract shows

some anatomic differences to the human version. The main differences are given

by the notably longer trachea and the higher amount of cartilaginous components

occurring in pigs. Depending on the breed, a porcine trachea might even be up

to 20 cm long. In general, the amount of bronchial generations is comparable to

the human situation and therefore typically includes 23 generations of branching

bronchi. The human airway passages are built in a bipodial branching pattern. In

contrary, the porcine airways mainly show a monopodial branching model, where

each larger parental bronchus shows the branching of only one side branch at an

obtuse angle. From a general perspective, the lobar and bronchial anatomy of a

porcine lung is very similar to the one of a human. The left porcine lung also consists

of two main lobes, corresponding to the general construction of a human left lung.

In contrast to its human counterpart, the right porcine lung is characterised by

four lobes with a differing bronchial structure. On a morphological level a further

similarity, the setup of the visceral pleura and its vascular supply, is well comparable
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between human and porcine lungs. Other similarities and differences are to be found

on a histological and microbiological level. (Judge et al., 2014)

Additional information about the comparability of porcine and human lung tissue

can be found in various publications, such as Rogers et al. and Bruun et al.

(Rogers et al., 2008; Bruun et al., 2013). The terminal bronchioles of a pig lung

are longer than the human equivalents, whereas the respiratory bronchioles appear

to be shorter and less well defined. Moreover Rogers et al. state that cartilaginous

tissue is more widespread within the airways of pigs and extending farther along the

tracheobronchial tree, than in the case of human lungs (Rogers et al., 2008). On

the level of morphological development in the architecture of the lungs, porcine and

human situations are well comparable, whereas their rate of maturation after birth

is much faster in pigs, than in humans. (Rogers et al., 2008)

Physiology

The basis for the physiological ventilation of the lungs and therefore also the basis

of gas exchange within the respiratory system, are the existing volumes and flows

participating in these processes, as shown in figures 2.3 and 2.4, and the underlying

mechanics of breathing. (West, 2004)

Gas Transport

During spirometry, graphically represented in figure 2.3, some of the lung volumes

can be measured directly, whereas others have to be deducted and calculated. At the

start the subject breathes normally and thereby moves a typical volume along the

airway passages of the respiratory tract. This volume is called tidal volume (VT) and

normally equals 0.5 l. The next step during spirometry is a maximal inhalation with

a subsequent maximal exhalation. The volume moved during maximal exhalation

is called vital capacity (VC) and has a physiological range of 4.5− 5.0 l.
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Figure 2.3 – Spirometry traces including the four lung volumes and the four lung capacities

(Illustration taken from (Barrow and Pandit, 2017))

Figure 2.4 – Schematic overview of the typical volumes and flows occurring during breathing

processes, where the anatomic dead space subsumes the various types of bronchi (Illustration

based on (West, 2004))
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Due to dead space and mechanical inhibition of the thorax, a certain volume remains

within the respiratory tract even after maximal exhalation, which is called residual

volume (RV) with approximately 1.5 l. The gas volume which remains within the

lungs after normal exhalation is called functional residual capacity (FRC), which

usually holds around 3.0 l. The last two volumes, RV and FRC, cannot be measured

using typical spirometers, but by introducing the technique of helium dilution, or for

the identification of the FRC, the method of body plethysmography. (West, 2004)

When investigating the total ventilation flows and volumes, as shown in figure 2.4,

the value of the total ventilation as volume per time is calculated by assuming

a breathing frequency (f) of 15 bpm (breaths per minute) and a tidal volume of

VT = 0.5 l, leading to a total volume leaving the respiratory system per minute of

7.5 l. As the dead space holds back a certain amount of the inhaled air, not the entire

tidal volume actually takes part in the ventilation useful for the gas exchange. This

part of the tidal volume is calculated by subtracting the dead space (approximately

0.15 l in case of breathing at rest) from the inhaled 0.5 l. Using the same breathing

frequency leads to a volume of 5.25 l taking part in alveolar ventilation. (West, 2004)

Respiration Mechanics

The procedure of respiration may be grouped into four processes, which are

ventilation, distribution, diffusion and perfusion. During ventilation the volume

of the thoracic cavity is increased and decreased along the breathing rhythm to

transport air volume into the respiratory system. Then, during distribution the

inhaled air is delivered and distributed along the respiratory components. During

the process of diffusion O2 and CO2 are exchanged through the alveolar capillary

membrane. Finally perfusion ensures an adequate pulmonary, capillary blood flow

along the capillary system for efficient gas exchange. (Wolff, 1975)

The anatomical components involved in the inhalation process are the diaphragm,

moving approximately 1 cm during normal and up to 10 cm during forced respiration,

and the external intercostal muscles connected to the adjacent ribs moving the

rib cage upward and forward. Moreover, the accessory muscles of inspiration are

involved by elevating the first ribs and the sternum. The process of exhalation, on
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the contrary, is rather passive. Due to their elastic recoil the chest wall and the lungs

tend to return to their equilibrium position. However, some anatomic components

ease exhalation, like the abdominal wall pushing the diaphragm upwards, and the

internal intercostal muscles, helping to pull the ribs downwards and inward again.

(West, 2004)

The movements of breathing lead to changing pressure within the respiratory

system. There are two main pressures which have to be considered: The intrapleural

(intrathoracic) pressure and the intrapulmonary pressure. The intrapleural pressure

within the gap between the two pleural membranes is coined by the natural elastic

recoil of the lung tissue and is therefore subatmospheric with a value of −0.5 kPa

at rest. Due to the expansion of the thorax during inhalation the intrapleural

pressure gets even more negative and reaches −0.7 kPa. Under normal breathing

conditions this pressure will remain negative. Only in case of forced exhalation and

activation of the accessory muscles, or in case of a trauma based pathology the

intrapleural pressure may become positive. Under resting condition, the pressure

within the alveoli, called intrapulmonary pressure, equals the atmospheric pressure.

During inhalation the intrapulmonary pressure decreases to −0.2 kPa and rises up

to +0.2 kPa during exhalation at rest. (Huppelsberg and Walter, 2009)

The breathing process and the response of the respiratory system are moreover

depending on two respiration parameters, which are called Compliance (C),

representing the elastic resistance components, and Resistance (Rp), representing

the pulmonary viscous resistance components. The compliance – an elastic

resistance – is based on the natural elastic recoil of the lung, which is predominantly

caused by the surface tension of the alveoli and the elastic fibers within the lung

tissue. The value of the compliance can be calculated as the ratio between the

changes of volume and pressure, as shown in equation 2.1, where the pressure P is

defined as the transmural pressure difference. The higher the value of C, the higher

the extensibility of the lung. (Huppelsberg and Walter, 2009)

C =
∆V

∆P
(2.1)
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During breathing additionally non-elastic, or viscous resistances are caused by the

dynamic processes of in- and exhalation. Besides the effect of friction caused

resistance, the main reason for this effect is based on the flow drag of the air

within the respiratory passage. This flow resistance is caused by the fact that the

streaming air has to pass airway components with decreasing diameter. Analogue to

Ohm’s law, the resistance (equation 2.2) can be calculated as relation between the

intrapulmonary pressure (P ) and the moved volume (V ). (Huppelsberg and Walter,

2009)

Rp =
P

V
(2.2)

Depending on the pathological changes and influences on the components of the

respiratory tract, the values for Rp and C will change, according to the geometrical

changes of the calibre of the airways or the elastic properties of the tissue as well as

other influencing factors, like the characteristics of the surrounding tissue.

Abnormal Breathing Processes

The identification of an impairment or change of breathing patterns is mainly based

on the experience and the observation of four factors:

• respiratory rate – also called breathing frequency given in breaths per minute

(bpm)
• depth of breathing – called drive
• mode of breathing – also called symmetry
• regularity of the breathing – representing the rhythm

These four factors may be influenced by both, physiological events and pathological

processes, changing the breathing pattern in healthy as well as diseased subjects, as

shown in the overview in figure 2.5. (Howell, 2006)

The most straightforward factor for the identification of changes in a breathing

pattern, is the respiratory rate, as it is easy to assess and to quantify. Nevertheless,
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Figure 2.5 – Overview of abnormal breathing patterns occurring in normal lungs and diseased

lungs including the influenced breathing parameters of rate, depth, symmetry and rhythm

(Illustration taken from (Howell, 2006))

changes of all four factors are taken into account for an assessment, as they are

often associated with symptoms. One of the most common terms is breathlessness.

This description is regularly used as a synonym for dyspnea, which by definition

stands for difficulties while breathing, mostly caused by impairment of the cardio-

respiratory apparatus and an increased demand or a mixture of both reasons. An

increased breathing frequency, exceeding 12− 15 bpm, is called tachypnea, whereas

a decreased breathing frequency is called bradypnea. (Howell, 2006)

Cheyne-Stokes breathing (depicted in figure 2.6) is a characteristic breathing

pattern, occurring in normal lungs and showing an abnormal rhythm, which is

characterised to be regularly irregular. In the case of this breathing pattern the
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subject shows a progressive rise of breathing depth and frequency. This pattern

appears in cycles with a characteristic increasing–decreasing manner, interrupted

by apneic episodes, where apnoe represents a phase of missing breathing activity.

Cheyne-Stokes breathing may occur during sleep and is often caused by aging,

neurological disorders and obesity, amongst others. (Howell, 2006)

Biot’s breathing pattern (depicted in figure 2.6) is similar to Cheyne-Stokes

breathing in some characteristics. The main difference is given by the missing

increasing–decreasing patterns. Biot’s breathing is mostly also not regular and often

succeeded by hyperventilation and apnea. This breathing pattern may be caused

by an infection like meningitis or a medullary compression. Biot’s breathing mostly

occurs in the near–death phase. (Howell, 2006)

Ataxic breathing, also called agonal, happens in the case of brainstem damage. It is

characterised by continuous but irregular shifts of the breathing patterns of apnea,

hypoventilation and hyperventilation. In contrast to Cheyne-Stokes and Biot’s, in

ataxic breathing these shifts do not occur in a particular succession. (Howell, 2006)

Apneustic breathing shows a sequence of deep inhalation, a postinspiratory phase

of breath holding and a subsequent fast exhalation. This type of breathing pattern

is often seen in cases of lesions of the brainstem. (Howell, 2006)

Central hyperventilation is another abnormal breathing pattern occurring in normal

lungs. Subjects presenting this breathing pattern usually breathe very deeply and

appear to be very tachypneic. Central hyperventilation usually is caused by damages

at the medullary respiratory center. It is described as sinister and as a fibrillating

effect of the respiratory center and is often preceding death. (Howell, 2006)

Kussmaul breathing (depicted in figure 2.6) is the last main abnormal breathing

pattern, appearing in normal lungs. Kussmaul breathing shows comparable

similarities to the pattern of central hyperventilation. The breathing frequency

is clearly increased as well as the breathing depth. This breathing pattern is usually

caused by metabolic acidosis, which leads to excessive activation of the respiratory

center. (Howell, 2006)
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Figure 2.6 – Idealised flow curves of breathing at rest as a basis of comparison, Cheyne-

Stokes breathing, Biot’s breathing pattern and Kussmaul breathing (Illustration taken from

and based on (Ganong, 1971))

Pathologies

The breathing patterns or changes of breathing, shown in figure 2.5, are mainly

caused by pathological changes of components of the respiratory system. These

pathologies may be clustered in groups of diseases and also influence the four main

breathing factors of breathing rate, depth and symmetry as well as the breathing

rhythm. (Howell, 2006). A general clustering for diseases affecting the function of

the lung consists of the following four groups:

i) Obstructive

ii) Restrictive

iii) Vascular

iv) Environmental

Obstructive Diseases

The group of obstructive diseases contains four main causes, which include airway

obstruction in general, chronic obstructive pulmonary disease (COPD), Asthma and

as last possible cause localised airway obstruction may lead to an abnormal function

of the lung.
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Airway Obstruction in General

The three main reasons for airway obstruction in general are depicted in figure

2.7. In case of chronic bronchitis for example, the lumen of the airways may be

partially occluded by excessively produced secretion. Another reason for such airway

occlusion may be pulmonary edema or aspiration of foreign matter. Edema may as

well as chronic bronchitis and inflammation lead to the thickening of the airway

wall. The third main reason for obstructed airways is caused by the surrounding

of the airway. In the case of destroyed lung parenchyma the airway loses its radial

traction and will therefore narrow.

Figure 2.7 – Main conditions causing airway obstruction: A) Partially blocked lumen of the

airway by overproduced secretion (a); B) Change of the airway diameter by a thickened airway

wall (b); C) Narrowing of the airway diameter, due to loss of radial traction caused by partially

destroyed lung parenchyma (c) (Illustration based on (West, 2008))

Chronic Obstructive Pulmonary Disease (COPD)

According to an OECD EU wide health survey of 2016 (OECD/EU, 2016), 6.1% of

the European population aged 15 years or older were reported to suffer from asthma,

where additional 4.0% of the same population group were diagnosed with COPD. In

total over 10% of the EU population with an age of 15 years or older are therefore

suffering from severe respiratory diseases. According to West (West, 2008) and

Rennard and Barnes (Rennard and Barnes, 2002) COPD is an incompletely defined

term. It applies to patients who suffer from emphysema, chronic bronchitis or even a
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mixture of both diseases. Another attempt for defining COPD is done by Buist, who

states: COPD is a chronic and progressive disease that is characterized by airflow

limitation that is not fully reversible and by an accelerated decline in lung function.

(Buist, 2002) On the one hand emphysema, as one of the two main pathologies

leading to the diagnosis of COPD is mainly characterised by an increase of air

spaces at the distal end of the terminal bronchiole, with a simultaneous destruction

of the walls of bronchioles (West, 2008). Moreover, the pathology of emphysema

is characterised by alveolar destruction, which leads to a decrease of the elastic

recoil of the lung. In this case only low intraalveolar pressure exists for driving

exhalation. The calibre and patency of the smaller airways within the respiratory

tract are depending on the intraluminal pressure, based on the elastic recoil, and

on the tethering or connecting effects of neighbouring avleoli. Both effects may

lead to a collapse of smaller airways resulting in limited exhalation flow. (Rennard

and Barnes, 2002) Chronic bronchitis, as second pathology, can be described by

a very high production of mucus within the bronchial tree. For both pathologies

the treatment includes the reduction of exposure to occupational and atmospheric

pollution, which includes tobacco smoke or fine dust particles for example. (West,

2008)

Asthma

The third important obstructive disease, Asthma, is described by an enlarged

responsiveness of the airways to multiple stimuli. In this case the airways are sore

and mostly narrowed and the bronchial wall, schematically depicted in figure 2.8,

shows mucosal edema and hypertrophied smooth muscles cells and mucous glands

(West, 2008). Asthma, as defined by Buist (Buist, 2002), is a chronic disease mainly

not developing progressively. Asthmatic patients usually do not show an accelerated

decline of the lung function. This characteristic may be influenced by other risk

factors such as smoking. The existing airflow limitation is reversible during the early

stages, but may become progressively less reversible the longer the disease persists

(Buist, 2002). Based on the description of asthma by Barnes and Drazen (Barnes and

Drazen, 2002), asthma is an inflammatory disease. Even though there is evidence

that the degree of inflammation is depending on the airway hyperresponsiveness, the
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relation between inflammation and the clinical symptoms of asthma remain partially

unclear. Those clinical symptoms include coughing, wheezing, chest tightness and

dyspnea. Asthmatic patients suffer from pathological changes within their airway

epithelium, the smooth muscles of the airways, vasodilatation as vascular response

to inflammation as well as mucus hypersecretion and bronchoconstriction caused by

the inhalation of an allergen. (Barnes and Drazen, 2002) West finally states that

the treatment of asthmatic patients mostly includes inhalable bronchoactive drugs

(West, 2008).

Figure 2.8 – Schematic representation of the setup of the bronchial wall in A) the normal

case and B) an asthmatic case, showing mucus in the airway (a), mucosal edema (b), a

contracted and hypertrophied muscle (c) and hypertrophied mucous glands (d) (Illustration

based on (West, 2008))

Localised Airway Obstruction

The fourth reason for obstructive diseases is caused by localised airway obstructions.

These obstructions may affect the trachea and/or the bronchii. Tracheal obstruction

can be caused by inhaled foreign bodies or compressing masses inside the body, like

tumors. The same reasons may also lead to bronchial obstructions including the

most severe effect of atelectasis (collapsed or closed regions of the lung), where the

right lung lobe is more often affected due to the bifurcation angle.
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Restrictive Diseases

Restrictive diseases may also be differentiated into groups, focused on the site of

appearance, which are diseases of the lung parenchyma, of the pleura, diseases of

the chest wall and neuromuscular diseases. (West, 2008)

Diseases of the Lung Parenchyma

The group of restrictive diseases, appearing at the lung parenchyma are characterised

by changes of the structure of the alveolar wall, like the so called diffuse

interstitial pulmonary fibrosis, hypersensitivity pneumonitis and collagen diseases.

The celltypes, of which the alveolar wall consists include epithelial cells, alveolar

macrophages, fibroblasts and the interstitium. The epithelial cells can be seen

as the main structural components of the alveolar wall and are responsible for

the mechanical support, as they stretch along almost the entire alveolar surface.

Alveolar macrophages are scavenger cells, moving around the alveolar wall in order

to phagocytise foreign matter. The main task of the fibroblasts is the production of

collagen and elastin. These products are the main components of the interstitium,

which in consequence fills up the space between the capillary endothelium and the

alveolar epithelium. (West, 2008)

One of the restrictive diseases, diffuse interstitial pulmonary fibrosis (also called

idiopathic pulmonary fibrosis) basically affects the thickness of the interstitium of

the alveolar wall. These changes of the cellular structure appear inhomogeneously

spread over the lung tissue. An exudate may be produced, leading to the destruction

of the alveolar structure and air filled spaces and thickened scarring tissue may

appear, which is schematically represented in figure 2.9. The fibrotic tissue changes

the elastic properties of the lung. This may lead to decreased lung volumes and a

pathologically high pressure level to expand the lung. The airways might either not

be involved or narrow as the lung volume is decreased. The resistance of the airway

at a given volume might be normal or even lower, because of excessive retraction

forces on the walls of the airways, caused by the fibrotic parenchyma. The changes

of the airway walls lead to a thicker barrier and therefore influence the diffusion

process of O2 and CO2. (West, 2008)
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Figure 2.9 – Schematic representation of A) a normal airway structure and the changes

of the airway caliber in case of B) an emphysema where parenchymal loss leads to collapsed

airways due to loss of radial traction; C) a fibrotic airway where radial traction may be highly

increased as well as the airway diameter itself (Illustration based on (West, 2008))

Hypersensitivity pneumonitis is another type of lung parenchymal diseases. This

disease is also known as extrinsic allergic alveolitis, where the term extrinsic refers

to the source of the causing agent, which is external from the body and mostly

identifiable. Caused by inhaled particles, a hypersensitive reaction which affects the

lung parenchyma may occur. This type of inflammatory disease is usually caused

by occupational aerosols, where exposure is very intense. The reactions may differ

and vary based on the existing agent, like spores, avian antigens or even production

caused particles. This disease leads to thickened alveolar walls and effects at the

small bronchioles, leading to symptoms of dyspnea including reduced lung volumes

and a reduced compliance value. Another disease, affecting the lung parenchyma are

collagen diseases, where interstitial fibrosis, leads to restrictive breathing patterns

and severe dyspnea. (West, 2008)

Diseases of the Pleura

This group of restrictive lung diseases includes the pathologies of a pneumothorax,

pleural effusion and the effect of pleural thickening. A pneumothorax is characterised

by air entering the pleural space. This might happen either from the side of the lung,
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or from the side of the chest, which is mostly caused by traumata. Under normal

circumstances the pressure within the intrapleural space is negative, compared to

the atmospheric pressure. The air entering the pleural space leads to a collapsing

lung and detaching rib cage. A pneumothorax may lead to dyspnea or respiratory

distress. In contrast to the pneumothorax, in the case of pleural effusion, a liquid

fills the pleural space. This liquid may be blood, lymph or pus and lead to dyspnea

as air does in the case of the pneumothorax. If the pleural effusion goes on over a

longer period of time, pleural thickening may occur. This pathology is characterised

by a contracted and fibrotic pleura preventing the expansion of the lung. (West,

2008)

Diseases of the Chest Wall

Two diseases, scoliosis and ankylosing spondylitis, are grouped as diseases of the

chest wall and listed as a further main reason for restrictive lung diseases. The term

of scoliosis refers to a pathological lateral curvature of the spine. Such deformation

of the bone structure may lead to restrictive impairment of the lung function.

In such cases, parts of the lung may be compressed, partially even leading to

collapsing areas, so called atelectasis, due to the changed structural environment of

the lung. The vascular bed of the lung is restricted and additionally the respiratory

muscles may only work inefficiently. This pathology leads to the effect of dyspnea

and over the course of time a decreased O2 level can be identified. The other

disease of the chest wall, leading to a restrictive impairment of the lung function

is ankylosing spondylitis, where the vertebral joints gradually loose mobility as

well as the ribs. This leads to a severe impairment of the breathing bound chest

movements. This pathology is further characterised by a mostly intact lung and

acceptable diaphragmatic movements. (West, 2008)

Neuromuscular Diseases

Several diseases, like poliomyelitis, myasthenia gravis or muscular distrophies,

affect the muscles of the respiratory system or the included nervous components.

Such impairment may lead to dyspnea and several forms of respiratory failure.

Components affected by neuromuscular diseases will lead to decreased pressures
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during in- and expiration. In severe cases it may be necessary to apply assisted

ventilation. (West, 2008)

Vascular Diseases

The group of vascular diseases leading to an impaired function of the lung, includes

pulmonary oedema, pulmonary embolism as well as pulmonary hypertension.

Pulmonary Oedema

Pulmonary edema represent a life threatening status of a patient, where fluid is

accumulated in the extravascular space and tissue of the lung. Under physiological

conditions two factors tend to inhibit the accumulation of fluid, leaking from the

capillaries. On the one hand the colloid osmotic pressure of the fluid within

the interstitium, as the protein gets diluted. On the other hand the rise of the

hydrostatic pressure in the interstitium, which would lead to a reduction of the

net filtration pressure. In case of pulmonary oedema both processes do not work

properly. Overall, pulmonary oedema can be categorised in two groups: interstitial

oedema and alveolar oedema. In case of pulmonary oedema, the patients show

tachypnea with shallow breathing. Generally dyspnea is identified. Whereas

interstitial oedema primarily influence the efficiency of the gas exchange marginally,

alveolar oedema cause severe hypoxemia. However, pulmonary oedema in general

influence the distensibility of the lung by its reduction. (West, 2008)

Pulmonary Embolism

Venous thrombi, which can cause pulmonary embolism, may detach from the deep

veins of the lower extremities, the pelvic area or even the right side of the heart.

Such thrombi may form due to the stasis of blood (caused by longer immobilisation

of the patient), changes within the coagulation system of the blood (e.g. drug

induced changes) or anomalies of the vessel walls (often caused by local trauma or

inflammation). There are two potential effects on the pulmonary tissue. On the

one hand pulmonary infarction may occur, which is the death of the tissue region

which has been blocked by the thrombus. On the other hand a distal hemorrhage
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or atelectasis may happen, in which case the alveoli still stay viable. Depending

on the size of the embolus the clinical features vary. Where small emboli often

stay undiagnosed, medium sized emboli lead to dyspnea, pleuritic pain, fever and

coughing. Big sized emboli may be life threatening and lead to collapse, central chest

pain, accompanied by hypotension and a tachycard and weak pulse. The effects of

pulmonary emboli on the gas exchange are mainly coined by the increase of the dead

space, caused by emolised tissue regions. (West, 2008)

Pulmonary Hypertension

There are three main mechanisms, which lead to an increased pulmonary artery

pressure above the mean value of 15 mmHg. The first mechanism is an increase of

the left atrial pressure. This effect leads to rather passive changes of the pulmonary

artery pressure, due to the changes in the left atrium. A constant high pressure

may lead to changes in the walls of the pulmonary arteries. The increase of the

left atrial pressure leads to the symptoms of dyspnea and pulmonary oedema. The

second reason for pulmonary hypertension is an increase in the pulmonary blood

flow, which may be caused by several pathologies of the heart. As the pulmonary

capillaries are capable to cope with high blood flows on the short run, actual changes

in the pulmonary pressure start to occur in the case of sustained increased pulmonary

blood flow. This may lead to changes in the structure of the small arteries causing

the pulmonary artery pressure to reach systemic pressure levels, showing hypoxemia

as a typical symptom. The third mechanism leading to pulmonary hypertension is

an increase in the pulmonary vascular resistance, which represents the most common

reason of the mentioned mechanisms. The pulmonary vascular resistance may be

increased due to vasoconstrictive reasons (mostly caused by alveolar hypoxemia),

due to obstructive situations (e.g. thromboembolism), or due to obliterative reasons

(as in emphysema where parts of the capillary bed are destroyed). (West, 2008)

Environmental Diseases

Inhaled particles of various types and under several circumstances cause many lung

diseases related to the occupational and industrial field. Additionally atmospheric
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pollutants are playing an important role of several lung diseases. Such pollutants

can be cigarette smoke, hydrocarbons representing unburned wasted fuel, nitrogen

oxides produced during the burning process of fossil fuels and carbon monoxide

being one of the largest pollutants, produced by the incomplete combustion of the

carbon components in fuels. (West, 2008)

The particles deposit within the human respiratory tract mainly based on the

transportation effects of inertial impaction, sedimentation and diffusion. Depending

on the region of deposition, particles can be removed by the human respiratory tract.

There are two specific clearing mechanisms actively involved: The mucocilliary

system along the bronchi, acting as an escalator trapping and moving the particles,

and alveolar macrophages engulfing the particles within the region of the alveoli.

(West, 2008)

Diseases Provoked by Aerosols

Typical lung diseases, which are related to and provoked by inhaled aerosols are

the coal worker’s pneumoconiosos, several asbestos related diseases and silicosis.

Moreover the term occupational asthma exists, which is summarising individual

hypersensitivities based on various occupational allergens like flour or feathers. The

pathology of the coal worker’s pneumoconiosis is based on parenchymal diseases,

caused by the high amount of coal dust inhalation. The disease shows only slight

impairment of the respiratory work of a person in light cases, whereas progressive

and massive fibrosis show increasing dyspnea and may even cause respiratory failure.

Silicosis is a comparable form of the pneumoconiosis caused by the inhalation of silica

particles during sandblasting or mining. In contrast to the inert coal dust, silica

particles are causing fibrous reactions in the lung tissue. Silicosis may cause dyspnea

and coughing as clinical features and leads to an increased risk of tuberculosis.

Another form of aerosol provoked diseases is related to asbestos. Asbestos are fibrous

mineral silicate, which are characterised by a very thin, needle like and long geometry

and are capable to enter deep regions of the lung, where it might become integrated

in proteinaceous material. The inhalation of asbestos can lead to interstitial fibrosis,

bronchial carcinoma or pleural thickening. (West, 2008)
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Other Diseases

Other lung diseases include bronchial carcinoma and cystic fibrosis, which is

caused by defect exocrine glands based on a genetic abnormality, as well as

infectious diseases like pneumonia, as an inflammation of the lung parenchyma and

tuberculosis, which is a bacterial infection of the apices of the lung and progressive

development.(West, 2008)

2.2 Aerosol Physics

Aerosols are defined to be airborne particles in a gaseous environment. Aerosols are

ubiquitous. They appear in multiple forms, may affect visibility, the climate and

even health. Depending on their particle characteristics, they may interfere with

the human respiratory tract and move along different pathways.

Types of Aerosols

Based on the work of Hinds (Hinds, 1999) there are ten types for classification of an

aerosol based on the method of generation and the physical form: aerosol, bioaerosol,

cloud, dust, fume, haze, mist & fog, smog, smoke and spray.

Aerosol: As a general term, an aerosol includes any solid or liquid particles

suspended in a gas. This suspension is stable for at least some seconds. Therefore

the term aerosol relates to the mixture and includes both, particles and gas.

Bioaerosol: A bioaerosol is defined to be any aerosol originating of a biological

source. This type of aerosol includes typically viable organisms, like bacteria or

fungal spores, as well as viruses.

Cloud: A cloud is an aerosol, which is visible and identifiable by its boundaries.

Dust: Dust specifically consists of solid particles. This type of aerosol is generated

by grinding or crushing a parent material. The shape of the produced particles is

mostly irregular.
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Fume: Fume is produced by vapors or condensing of gaseous combustion products.

It also includes solid particles. Often a fume includes primary particles, which cluster

to particles in the sub–micrometer region.

Haze: The term haze is used for any atmospheric aerosol, which affects visibility.

Mist: Mist and fog are both defined to include liquid particles. These may be formed

by atomisation or condensation and are mostly characterised with a spherical shape.

Smog: The term smog has two definitions. 1) Smog is an artificial word, constructed

by the combination of the terms smoke and fog. 2) Smog is an aerosol, which

has been produced by photochemical processes. This type of aerosol forms in the

atmosphere by the action of sunlight caused on oxides of nitrogen and hydrocarbons.

Smoke: In case of incomplete combustion processes, smoke is produced. It is a

visible aerosol, consisting of either solid or liquid particles, which may agglomerate.

Spray: The term spray is used for a mixture of a gas with liquid particles, which are

generated by mechanically breaking up liquid source material. This type of aerosol

usually is characterised by a size range of several micrometers. (Hinds, 1999)

Theory of Gases

Temperature (T ), viscosity (η), pressure (P ) and the mean free path of a gas are

correlating to the motion of the molecules of the gas, according to the kinetic theory

of gases. The temperature is corresponding to the kinetic energy of the molecules,

whereas the viscosity relates to the transfer of momentum by the motion of the

molecules. Pressure correlates to the force of molecular impacts to the walls of the

containment, where the process of diffusion stands for the movement of molecular

mass. For the application of the kinetic theory of gases, it is assumed that gases

consist of a large number of molecules, which are small in comparison to the distances

between themselves. Moreover, the molecules are assumed to be solid spheres, which

are traveling along straight trajectories between elastic collisions. (Hinds, 1999)

Pv = nRT (2.3)
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The ideal gas law, shown as equation 2.3, puts the absolute pressure (P ) and the

volume (V ) in relation to the absolute temperature (T ) and the number of moles

(n) under consideration of the gas constant (R), which equals R = 8.31 J/K · mol,

given that the real gas behaves sufficiently like an ideal gas. (Hinds, 1999)

Reynolds Number

The Reynolds number is a dimensionless number, which characterises a fluid flow

through a hose or around any obstacle (e . g . a particle). The Reynolds number

(Re) gives information about the flow properties, i . e . laminar or turbulent flow

regime. Re is depending on the ratio of frictional and inertial forces affecting the

elements of the fluid. (Hinds, 1999)

Re =
%V d

η
(2.4)

The calculation of the Reynolds number (Re), shown in equation 2.4, is based on

the density of the fluid (%), the relative velocity of the fluid (V ) in relation to an

object (e . g . a particle) and the diameter (d) of the transporting tube as well as

the viscosity (η) of the gas. It shall be noted that the used density for the Reynolds

number is referring to the gas, fluid respectively, and not to the particle’s density.

The Reynolds number is depending on the relative velocity between the surrounding

gas (fluid) and an object (e . g . a particle). From an aerodynamic point of view,

there is no difference between a particle moving through a stationary fluid, or a

fluid passing a stationary particle, when the same velocity is assumed. A general

differentiation may be performed at Reynolds numbers lower than 1 (Re < 1), where

the laminar flow regime is present and inertial forces are much smaller than viscous

forces. In the case of a flow through a pipe, a Reynolds number smaller than 2000

describes laminar flow, whereas turbulent flow occurs at Reynolds number larger

than 4000. (Hinds, 1999)
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Aerosol Transportation

The transportation mechanisms of particles within the respiratory tract are

depending on several factors and influencing parameters, including environmental

factors. Several publications, like from the International Commission on

Radiological Protection (ICRP) (ICRP, 1994) and (ICRP, 2002), as well as

Darquenne et al. in (Darquenne and Prisk, 2004) and (Darquenne et al., 2016) and

others have identified and published three main particle deposition mechanisms:

• inertial impaction

• sedimentation

• diffusion

Figure 2.10 shows a schematic representation of those three mechanisms, which

affect the behaviour of particles in ambient air, in the respiratory tract and also

in sampling instruments. In contrast to the effect of diffusion, the processes of

Figure 2.10 – Graphical representation of the three main deposition mechanisms, which are

A) inertial impaction, B) sedimentation and C) diffusion (Illustration based on (ICRP, 2002))

sedimentation and inertial impaction are so called aerodynamic effects, which are

directly proportional to the particle size and its density. In contrast, diffusion is

characterised by an indirect proportional relation to the particle size and a directly

proportional connection to the temperature. The smaller the particles get, the more

negligible aerodynamic effects become. Particles within a size range of 0.1–1.0 µm
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are affected by both, thermodynamic as well as aerodynamic effects. The behaviour

of airborne particles in diverse environments are therefore characterised by several

physical properties, forces and relations. (Ruzer and Harley, 2012)

One additional effect, coagulation, has to be taken into account especially when

particles of small diameters are colliding and subsequently sticking together. The

movement is caused by Browninan motion and increases the particle diameter of the

final aerosol, reducing the number concentration of the particles, but simultaneously

keeping the mass concentration constant. The higher the number concentration of

the particles, the lower the half-life period. (Palas GmbH, 2008)

Newton’s Resistance Law

One of the most important and common types of particle movement, is characterised

by a linear trajectory at steady state. This movement is described by the terminal

settling velocity, shown in equation 2.9. The resisting force of the surrounding

gaseous mixture is depending on the velocity relation between gas and particles.

The general equation, describing this resisting force, is given by Newton’s resistance

law. (Hinds, 1999)

FD = CD
π

8
%g d

2 V 2 (2.5)

The calculation of the drag force (FD) from the general form of Newton’s resistance

law, shown in equation 2.5, is valid for any subsonic particle motion. The included

dimensionless coefficient of drag (CD) allows a more general application of the law,

but is only constant for spheres with a high Reynolds number, Re > 1000. (FD) can

be calculated, knowing Re of the particle, its diameter (d) and its velocity (V ) as

well as the density of the gas (%g). Below a value of 1000 the functional relationship

between CD and Re is constant, which is called the Stoke’s region. (Hinds, 1999)
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Stoke’s Law

The resistance, described by Newton at Re > 1000, is applicable to the movement

of a particle for which the inertial effects are dominant and the viscous effects can

be neglected. In contrast to this environmental regime, Stokes derived a description

for drag under opposite circumstances, where the viscous forces dominate and the

inertial forces may be neglected, which led to the formulation of Stoke’s law, a

solution of the Navier–Stokes equation, assuming additionally to the drag influences

an incompressible fluid, no walls or other particles, constant particle movement and

non-rigid spherical particles. (Hinds, 1999)

FD = 3π η V d (2.6)

The resulting resisting force FD on a spherical particle with a diameter d at a

velocity V and the viscosity (η) of the gas is shown in equation 2.6. Where Newton’s

resistance law (2.5) includes factors associated to inertia, like the density of the gas

(%g), Stoke’s law neglects those, but contains the viscosity (η) of the gas. The drag

force, described by Newton and Stokes can be compared, as equation 2.7 shows.

(Hinds, 1999)

FD = CD
π

8
%g d

2 V 2 = 3π η V d (2.7)

Solving equation 2.7 for the coefficient of drag (CD), including the equation for the

Reynolds number from equation 2.4 leads to

CD =
24 η

%g V d
=

24

Re
(2.8)

Considering the other assumptions for Stokes law, the assumption of incompressible

fluid may be seen as implication that the air does not compress significantly near

a particle when moving through it, rather than air being incompressible in general.

The assumption of no walls within 10 diameters of a particle, as this may modify the

drag force, may be considered irrelevant as only a small fraction of aerosol particles

will be within a 10 diameter region, due to the small size of aerosol particles. For

non-rigid spherical particles, like droplets, the correction of Stoke’s law may be

considered irrelevant, as their actual settling velocity is very similar to the predicted

one by Stoke’s law. (Hinds, 1999)
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Settling Velocity

In the case of a constant external force affecting the particle, like gravitational

acceleration, the simplest motion of aerosol particles is defined as a straight line

motion. Under these conditions the particle will reach a constant terminal settling

velocity very soon, which is depending on the magnitude of the affecting force, in

this case (g). (Ruzer and Harley, 2012)

VTS =
%p d

2
p g CC

18 η
(2.9)

Equation 2.9 shows the calculation of the terminal settling velocity (VTS), which is

depending on the density of the particles (%p), given in (kg/m3), the diameter of

the particle (dp) in (m), the acceleration of gravity (g) and the Cunningham slip

Figure 2.11 – Time dependent change of the number concentration (n0) during the settling

of uniformly distributed particles in a chamber at start (t = 0) and after a time (t > 0) for

the case of A) tranquil settling and B) stirred settling (Illustration based on (Hinds, 1999))
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correction factor (CC), as well as the viscosity of the gas (η). (Ruzer and Harley,

2012)

The equation for calculating the terminal settling velocity allows the evaluation of

the change of concentration of the aerosol in a reservoir or room over the course

of time. Figure 2.11 shows the two extreme cases of tranquil and stirred settling

conditions. (Hinds, 1999) In the case of tranquil settling, labeled A in figure 2.11,

there is no movement of the gas within the reservoir, which leads to the fact that the

motion of each single particle has to be caused by gravitational settling, leading to

sedimentation within the chamber. Neglecting diffusion, the uniformly distributed

particles within the reservoir with a height of H will settle with the same constant

velocity (VTS). The number concentration within the reservoir at the point P will

stay constant until the settled particles have moved below this point. At this point in

time the concentration at the point P will drop immediately to zero. In contrast to

this environmental condition, in the case of stirred settling, the aerosol is movement

constantly, which means that the concentration is uniform allover the reservoir. The

concentration of particles in this case decreases in an exponential-like function over

time. As the concentration decreases, also the rate of removal decays over time as

it is proportional to the number of particles left. (Hinds, 1999)

Exemplary taking Di-Ethyl-Hexyl-Sebacat (DEHS) as particle source material and

assuming a mean particle diameter of dp = 0.36 µm, the Cunningham slip correction

factor would be 3.01 for particles of this size. Further assuming clean air as

surrounding gas, tranquil settling conditions and using equation 2.9, the terminal

settling velocity of those particles would be approximately VTS = 0.01 mm/s.

Non-spherical Particles

Stoke’s law, shown in equation 2.6, the calculation of the drag coefficient, shown

in equation 2.8, and the calculation of the terminal settling velocity in 2.9 are

based on the assumed existence of spherical particles. This type of particles can

be produced by liquid droplets, as long as their diameter is smaller than 1 mm, or a
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few solid particles, mainly formed by the process of condensation. Other geometrical

forms include cubic (like sea salt) and cylindrical (bacteria) shapes. Most particles

nevertheless, are characterised by a irregular shape (e.g. crushed material and

agglomerated primary particles). This irregularity of the shape influences the

behaviour of the particles in terms of their settling velocity and the drag force.

Therefore a correction factor can be introduced, which is called dynamic shape

factor (χ). (Hinds, 1999)

χ =
FD

3π η V de

(2.10)

The dynamic shape factor can be applied to Stoke’s law. as shown in equation 2.10,

where de is the diameter of the sphere, which is assumed to have the same volume

as the irregularly shapes particle and is therefore called equivalent volume diameter,

de. The calculated dynamic shape factor is defined to be the ratio of the resistance

force of the sphere assumed to have the same volume and velocity as the irregularly

shaped particle and the actual resistance force of this, non-spherical particle. The

equivalent volume diameter describes a sphere, which is further called the equivalent

volume sphere. (Hinds, 1999)

Equivalent Diameters

A way of handling particles of irregular shape, is the introduction of equivalent

diameters. There are two of this type: The aerodynamic diameter and the Stokes

diameter. Both are defined to consider their aerodynamic behaviour, rather than

their geometric characteristics.

Aerodynamic Diameter

A method to ease calculations for irregularly shaped particles, is the introduction of

the aerodynamic diameter (da). This diameter is based on the assumption, that the

particle in focus is represented by a spherical particle with a density of 1000 kg/m3

– corresponding to the density of a water droplet – having the same settling velocity
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(VTS) as the particle itself. Therefore, the aerodynamic diameter standardises the

particles in focus for their shape, which is assumed to be spherical, and for their

density, which is equivalent to water. (Hinds, 1999)

VTS =
%0 d

2
a g

18 η
(2.11)

Introducing the aerodynamic diameter (da) in the calculation of the terminal settling

velocity (VTS), leads to equation 2.11, where %0 represents the standard particle

density of 1000 kg/m3. Because of its standardised characterisation properties, the

aerodynamic diameter is used as main parameter for characterising filtration and

respiratory deposition. (Hinds, 1999)

Stokes Diameter

A less common version of calculating an equivalent diameter is to use the Stokes

diameter. In this case the diameter of the sphere is assumed to be equivalent to a

sphere with the same settling velocity and density as the original particle. (Hinds,

1999)

VTS =
%b d

2
S g

18 η
(2.12)

The calculation of the terminal settling velocity using the Stokes diameter (ds), leads

to equation 2.12, introducing %b as the normal density of the original bulk material

of the particle. (Hinds, 1999)

Figure 2.12 graphically represents the different equivalent spheres of an irregularly

shaped particle with a given density %p at the same terminal settling velocity.

Brownian Motion & Diffusion

Brownian Motion

The particles of an aerosol exchange their energy with the gas molecules of the

surrounding gaseous mixture. This interaction is the basis of the effects of Brownian
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de [µm]

%p [kg·m-3]

VTS = x [mm/s]

da > de [µm]

%0 < %p [kg·m-3]

VTS = x [mm/s]

ds < de [µm]

%b = %p [kg·m-3]

VTS = x [mm/s]

A B C

Figure 2.12 – Graphical comparison between A) the equivalent volume sphere for an

irregularly shaped particle with a density of %p, B) the aerodynamic equivalent sphere with

the defined density of %0 = 1000 kg·m-3 and C) the sphere based on the Stokes equivalent

diameter with %b = %p — The terminal settling velocity of VTS = xmm/s is the same for all

equivalent diameters (Illustration based on (Hinds, 1999))

motion and diffusion. Brownian motion is characterised by irregular movements of

the particles and is indirectly proportional to the particle size. (Ruzer and Harley,

2012)

Diffusion

The process of diffusion is defined as the net transport of particles according to a

concentration gradient. As Brownian motion, diffusion is also indirectly proportional

to the particle size and moreover depends on the diffusion coefficient (D). (Ruzer

and Harley, 2012)

D =
k T CC

3π η dp

(2.13)

Equation 2.13 shows the calculation of the diffusion coefficient, where k is the

Boltzmann constant (1.38 · 10−23J/K) and T represents the absolute temperature

in Kelvin (K). The diffusion coefficient D influences the rate of particle transport,
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according to Fick’s first law of diffusion, which is represented in equation 2.14.

JD = −DdN
dx

(2.14)

In Fick’s first law of diffusion the rate of particle transport, or diffusion flux

(JD), is depending on the diffusion coefficient D from equation 2.13, the existing

concentration N and the position x. (Ruzer and Harley, 2012)

2.3 Aerosol Production Systems

The particulate matter, included in aerosols may be characterised in two main

groups. On the one hand, there are monodisperse aerosols. These aerosols show

a very narrow particle size distribution, which is defined as a geometric standard

deviation of less than 1.2. Monodisperse aerosols are therefore the desired means

of test for calibration and controlled testing procedures, where the interaction with

the particles is put in focus. The characteristics of monodisperse aerosols make

them highly desirable, as particles with known density, shape and size are necessary

for controlled aerosol properties. On the other hand, polydisperse aerosols have

a wider particle size distribution. In the best case a respective aerosol generator

can be characterised by a reproducible and adaptable size range for the produced

aerosols. Polydisperse aerosols are often used for testing procedures of the actual

use of a device, but under laboratory conditions. Most aerosol production processes,

especially natural ones, deliver polydisperse aerosols. The production mechanisms

depend on the particle source material and the intended output. The mechanisms

can be divided into the nebulisation of liquids, dispersion of solids and condensation

based processes. (Hinds, 1999)

Nebulisation of Liquids

The general term for producing aerosols with liquid source material by disintegration

of the source material into airborne particles is atomisation. This production process
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is widely used in most house hold sprays and in pharmaceutical therapy as a form of

drug inhalation system. The produced particles of nebulisation processes are mostly

polydisperse.

One Component Nozzle

The standard VDI3491 defines a one component nozzle as a flow channel with

constantly narrowing diameter, where a liquid is accelerated and clashes with

the atmospheric pressure at the orifice. The clash of the fluid stream with the

atmosphere, causes the liquid to atomise into a polydisperse aerosol. As the system

only uses one component, the fluid itself, it may also be called a hydraulic nebuliser.

(Verein Deutscher Ingenieure, 1980)

Two Component Nozzle

In contrast to the one component nozzle, this type of aerosol generator is also called

a hydropneumatic nebuliser, as it uses the liquid and a driving gas. The system

of a two component nozzle is based on the negative pressure at the boundaries of

an air stream. In order to use this principle a gas stream is accelerated along a

narrowing tube. At the point of the lowest diameter a perpendicular mounted tube

is connected to the source material, which is torn into the airstream and nebulised.

The exiting aerosol has a polydisperse characteristic and is typically used in many

house hold applications. (Verein Deutscher Ingenieure, 1980)

De Vilbiss Nebuliser

An application for a hydropneumatic, two component nozzle is the so called De

Vilbiss nebuliser. The basic principle includes an upright tube and a parallel feed

tube. The upper orifice of the feed tube lies perpendicular at the outlet of the supply

air tube. The lower end of the feed tube is connected to the liquid source material.
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Based on the lower pressure at the orifice, caused by the Bernoulli effect, the liquid

is torn into the air stream. The trajectory of the air stream is directed to the curved

exit of the nebuliser. The big droplets collide with the wall at the inner side, which

creates smaller droplets following the air stream and bigger droplets depositing at

the wall and draining back into the reservoir. Such a setup uses the principle of

impaction for particle separation in order to influence the produced particle size

distribution. (Hinds, 1999)

Ultrasonic Nebulizer

A generator type used in inhalation therapy, but without compressed air jet

as production medium, is the ultrasonic nebuliser. This nebuliser produces

polydisperse droplets in a size range of 1 − 10 µm. The function principle is based

on ultrasonic waves focused near the surface of the liquid source material in the

reservoir. The waves are created by a piezoelectric crystal. The focusing of the

waves is performed by a concave setup concentrating the waves in a focus near the

liquid surface (Verein Deutscher Ingenieure, 1980). The ultrasonic energy agitates

the liquid, forming a conical fountain above the surface. Capillary waves on the

fountain, shatter and create the aerosol, which is transported to the orifice of the

generator by a gentle airflow. The particle size distribution can be influenced by the

used excitation frequency and the velocity of the air stream. (Hinds, 1999)

Based on the listing of Hinds in (Hinds, 1999) the production of aerosols by

atomisation of liquids, can additionally be performed using rotary atomisers like

rotary disks, electrostatic atomisers and nebulisers based on a Laskin nozzle

principle.
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Nebulisation of Monodisperse Particles

In hydropneumatic aerosol generators the compressed air stream is mostly used to

break up a liquid filament in order to generate the particles of the aerosol. Other

mechanisms like the vibrating orifice generator use other mechanical influences to

break up the liquid filament.

Generators Using Vibrating Orifice or Needle

In the case of the vibrating orifice generator a constant liquid flow is disrupted

frequently by an oscillating orifice which is covered by a transportation air flow.

The periodic disruptions occur due to the oscillations with a wavelength of λ = V/f ,

where V corresponds to the velocity of the liquid flow and f represents the frequency

of the oscillations. In the case of longitudinal disruptions with a wavelength in a

range of the 3.5 to 7 fold of the diameter of the liquid flow, the liquid filament

breaks up into droplets of the same size, corresponding to the wavelength λ. The

produced aerosol is monodisperse and the amount of produced particles is depending

on frequency of the oscillation f . Another disruptive method for the production of

a monodisperse aerosol is the use of an oscillating needle. The aerosol is produced

by a oscillating needle, periodically dipping into a liquid and producing a droplet

hanging at the lower end when exiting the source material. As the process of

production is highly reproducible, monodisperse particles are created. (Verein

Deutscher Ingenieure, 1980)

Dispersion of Solids

The dispersion of solid source material can take place by any method, which allows

to disintegrate the source material and disperse it into a gaseous medium. The

disintegration and dispersion may take place simultaneously or separated from each

other in time and space. (Verein Deutscher Ingenieure, 1980)



2.3. AEROSOL PRODUCTION SYSTEMS 49

Rotating Brush Generator

The basic setup of a rotating brush generator consists of a pressed bulk material

which is constantly moved towards a rotating brush. The brush disintegrates the

bulk material and takes up particles of different sizes, moving them to a passing air

stream. The air stream tears out the particles from the brush and thereby disperses

the solid particles into the gaseous mixture. The particle size can be influenced by

the used brush material as well as the bulk material. The mass concentration of the

produced polydisperse aerosol is coined by the air stream velocity and the contact

pressure between the bulk material and the rotating brush. (Palas GmbH, 2008)

Wright Dust Feed Mechanism

Another option for the production of solid particle aerosols is the Wright dust feed

generator. It uses a compressed bulk material which is scraped off by a knife with

constant pressure, which is realised by a spindle motor construction. In this setup the

bulk material is rotating about a stationary scraping knife. An airflow is directed

radially along the scraping knife, taking up the loosened particles. The mixture

usually passes an partial impactor to narrow the particle size distribution of the

produced polydisperse aerosol. (Hinds, 1999)

Fluidised Bed Generator

The system of the fluidised bed generator is another dry-dispersion aerosol

generation method. In this setup a bed with a mixture of loose source material

and metal beads is constantly perfused by compressed air, fluidising the mixture.

Particles torn out of the source material are carried along through the elutriation

chamber. Due to a low velocity at the orifice of the generator, only particles smaller

than 50 µm are leaving the system. The concentration of the source material in the

fluidised bed is metered by a conveyer belt connected to a dust chamber outside the

aerosol generation chamber. (Hinds, 1999)
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Considering the overview of aerosol generators for the dispersion of powders by Palas

in (Palas GmbH, 2008), additional aerosol generators are the belt generator and the

turn table dust feeder.

Condensation based Production

Particles produced by the process of condensation can descend from uncontrolled

processes, like burning processes, or from controlled circumstances. The latter

include vapour and condensation nuclei and can be divided in two main setup types.

On the one hand the sources for the condensation nuclei and for the vapour are

separated, which is the case in the mechanism used in the Sinclair La Mer generator.

On the other hand, the sources may be coupled, which is found in generators of the

Rapaport Weinstock type. Both generators produce monodisperse aerosols. (Verein

Deutscher Ingenieure, 1980)

Sinclair La Mer Generator

A generator of the Sinclair La Mer type produces aerosols by condensation of a

vapour on separately introduced condensation nuclei. The main components of

this type of generator are a nuclei source, an evaporator, a reheating unit and a

condensation tube. The condensation nuclei are moved from the source into the

evaporator where they get mixed with the evaporated material. The mixture is

transported into the reheater, whose temperature lies above the temperature of

the evaporator. Vapour and nuceli are getting homogeneously distributed and

then enter the condensation tube, where the mixture cools down and the vapour

condensates on the nuclei. The particle size of the monodisperse aerosol is depending

on the temperature within the evaporator and the size of the included condensation

nuclei. The range of the particle size distribution is connected to the geometric

characteristics of the condensation tube, on the flow through the system and the
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temperature within the evaporator. (Verein Deutscher Ingenieure, 1980)

Rapaport Weinstock Generator

In the case of a Rapaport Weinstock generator, the sources for condensation nuclei

and vapour are combined. This type of generator consists of a nebuliser, a heating

section and a condensation chimney. At the start of the production process, the

nebuliser produces a polydisperse primary aerosol by nebulising the liquid source

material including the future nuclei. This mixture is directed through the heating

section, where it is heated up to a temperature range where the polydisperse primary

aerosol evaporates and only thermal stable nuclei survive. The mixture then passes

through the condensation chimney, where the vapour condenses on the surface of the

left nuclei. The produced particle size can be influenced by the chemical combination

of the liquid source material and the use of different volatility. (Verein Deutscher

Ingenieure, 1980)

According to the overview of aerosol production processes and the corresponding

generators in (Verein Deutscher Ingenieure, 1980), a further option for the generation

of particles based on uncontrolled condensation processes, is the soot generation

using a spark generator with carbon electrodes.

2.4 Aerosol Measurement Systems

Aerosols can be measured in different ways, according to their properties and

the available technologies. These measurement systems can be classified as mass

concentration based systems, direct reading methods and electrical characteristics

based systems, as (Baron and Willeke, 2005) states. The prerequisite for successful

and representative measurements of the characteristics of the aerosol is correct

sampling as a inherent part of aerosol transport and measurement techniques.
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Transportation and Sampling Techniques

The task of acquiring a representative sample of the aerosol in question, is connected

to a series of prerequisites. The sample taken has to accurately represent the

concentration as well as the size distribution of the actual aerosol. The two basic

principles of withdrawing a sample with a nozzle are either isoaxial or anisoaxial

sampling. Both can be performed under three circumstances, where the sampling

stream velocity, mostly represented as U and the free ambient gas velocity, often

labeled as U0 may stand in different relations to each other, as Baron and Willeke

(Baron and Willeke, 2005) and Hinds (Hinds, 1999) state. These relationships and

circumstances are schematically represented in figure 2.13.

The three circumstances for sampling are: a) isokinetic sampling, where U = U0,

b) sub-isokinetic sampling, where U < U0 and finally c) super-isokinetic sampling,

where U > U0. In case of a properly aligned sampling probe the isokinetic condition

is met, if the sampling velocity equals the free ambient gas velocity. Equation 2.15

shows the relation between the flow rates in the integrated tubes.

qS

q0

=

(
DS

D0

)2

(2.15)

In this case, the sampling flow rate is qS and the corresponding free ambient gas

flow is represented by q0. These flow rates have to be put into relation to the

cross sectional areas of the sampling probe DS and the carrying transport tube D0.

(Hinds, 1999)

In the case of isoaxial and isokinetic sampling conditions, representing the ideal

configuration, the efficiency of sampling may reach up to 100 %. The most

prominent particle transportation mechanism, influencing the efficiency, is based

on gravitational settling within the horizontal flow. Even if the flow is directed

upwards or downwards with respect to gravity, losses based on settling of the

particles are negligible as long as the velocity of the sampling flow is higher than the

terminal settling velocity (VTS) of the particles. In case of anisoaxial sampling the

angle of the sampling nozzle (Θ) influences the sample based on inertial impaction.

Particles of higher mass, or bigger aerodynamic diameter, may not follow the stream
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Figure 2.13 – Schematic diagrams showing (A) isoaxial and (B) anisoaxial sampling with

a thin nozzle under the three possible conditions of the sampling stream velocity (U) and the

free ambient gas velocity (U0) for (a) U = U0, (b) U < U0 and (c) U > U0 and considering

the angle of the sampling nozzle (Θ) in case of (B) (Illustrations taken from and based on

(Baron and Willeke, 2005))

trajectory and will collide with the wall of the sampling nozzle. As soon as one of

the major sampling characteristics is not met, meaning that sampling takes place

neither isoaxial, nor isokinetic, losses at the inlet based on inertial impaction become

increasingly probable. Besides the described sampling technique using thin wall

nozzles, further sampling possibilities depending on the environmental circumstances

and mechanical setup of the sampling system exist. (Baron and Willeke, 2005)

Based on the work of Baron and Willeke these may be summarised as:

• Sampling with a blunt sampler

• Sampling in calm air

• Sampling from a gas flow with low velocity
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Sampling with a Blunt Sampler

The setup of a blunt sampler includes several sampling inlets arranged over a

plane area, or even a sphere. The major drawback of this system is given by the

increasing probability of particle deposition on the surface of the sampler and due to

gravitational forces a possible re-uptake of such deposited material into the sampling

air stream. This uncontrollable mixture leads to potentially incorrect measurements

especially in the case of bigger particles. (Baron and Willeke, 2005)

Sampling in Calm Air

Davies (Davies, 1968) and Baron and Willeke (Baron and Willeke, 2005) state that

aerosol sampling from calm air can be performed with a sampling nozzle in arbitrary

position, as long as two conditions are met. On the one hand the inertial condition

has to allow particles to be drawn into the sampling nozzle, which is defined by a

Stokes number (Stki) based on the average inlet velocity U for sampling and the

diameter d of the sampling nozzle. For this prerequisite the Stokes number has to be

Stki 6 0.016. On the other hand the particle settling velocity VTS may not interfere

with the orientation of the sampling nozzle. This criterion is met as long as the

conditions for equation 2.16 are valid. (Baron and Willeke, 2005)

VTS

U
6 0.04 (2.16)

Sampling from a Gas Flow with Low Velocity

The previous three sampling methods were dealing with flow velocities higher than

the terminal settling velocities of the particles and calm conditions where the settling

velocity as well as gravitational sedimentation are gaining importance. In case of low

velocity gas flows the particle settling velocity may influence the sampling procedure.

Assumptions of moving air and calm air conditions are considered together with

correction factors for the effects of gravitational settling. (Baron and Willeke, 2005)

Transportation and Deposition Effects

In general various deposition mechanisms may influence the measurement during

the process of the aerosol transport and storage. According to (Baron and Willeke,

2005) the main mechanisms of deposition-caused particle loss in the sampling line
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or due to residence time are:

• Gravitational settling

• Deposition due to diffusion

• Inertial deposition caused by turbulent flow, bends and flow constrictions

• Deposition due to electrostatic, thermophoretic and diffusiophoretic influences

It can be concluded that a representative sample and efficient aerosol transport are

depending on the introduced gas velocities, which ideally are larger than the particle

settling velocity, geometrical properties like inlet diameters, in order to minimize

turbulence, low Stokes numbers, minimized electrostatic effects and in the best case

the application of isokinetic and isoaxial sampling. (Baron and Willeke, 2005)

Mass Concentration Based Measurement

According to Baron and Willeke (Baron and Willeke, 2005), the techniques for the

measurement of aerosols on the basis of mass and concentration can be classified in

the following four basic groups:

• Filter Sampling

• Inertial Classifiers

• Settling Devices & Centrifuges

• Thermal Precipitators

Filter Sampling

The basic principle of filter sampling is isokinetic sampling via a filter holder

and a predefined filter material. The sampling parameters are determined by the

volumetric sampling rate and the cross sectional area of the sampling nozzle as well

as the cross sectional area of the filter itself. The filters are characterised by the used

materials, the defined size of the pores, the shape and the collection characteristics.

Depending on this information and the expected basic characteristics of the aerosol

under measurement, an appropriate filter is included into the filter sampling
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unit. Filter types may be fibrous, porous membrane filters, straight-through pore

membranes, granular bed filters and porous foam filters. The main filtration

mechanisms, concord to the mechanisms coining aerosol transportation, which are

Brownian diffusion, interception and inertial impaction as well as gravitational

settling. Depending on the type of filter and its characteristics, a further criterion

for sampling and subsequent analysis is the pressure drop, or permeability of the

filter, which is caused by the filter representing a resistance in the air passage.

The subsequent analysis of the filtered particles may be of the kind of gravimetric,

microscopic or microchemical procedures. (Baron and Willeke, 2005)

Inertial Classifiers

The type of inertial classifiers is based on the inertial characteristics of the particles

within a gaseous mixture. The principle bases on turning a gas stream in order to

force the contained particles to follow a change in direction. Particles with higher

inertia will not follow the gas stream and exit the trajectory. Particles with less

inertia will be able to follow the gas stream. Inertial classifiers are therefore widely

used to separate particles based on their aerodynamic diameter. There are five main

impactor types used, depending on the mixture and aim of the separation process.

These types are the body impactor, where a body is introduced into the normal air

stream, the conventional impactor, where an impaction plate is included right after

an acceleration nozzle, the virtual impactor, which is based on perpendicular flow

changes, the cyclone, which is characterised by a conical section which the jet of

air is traveling along, and finally the cascade impactor, where several conventional

impactors are placed after each other, each with a different distance to the own

impaction plate. (Baron and Willeke, 2005)

Settling Devices & Centrifuges

The aerodynamic diameter of a particle, representing the equivalent diameter of a

sphere with defined density and the same gravitational settling velocity, is the basis

of settling devices and centrifuges, used for particle separation and measurement.

The basic form of such a settling device is a settling chamber which naturally selects

the particles based on their aerodynamic diameter. Such a settling chamber only
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operates well for bigger particles, as smaller particles are affected by Brownian

motion and potentially existing convective air currents. Another form of settling

devices is the horizontal elutriator, where the aerosol passes a horizontal channel.

and particles will settle depending on their size, density, the gas velocity and the

height of the channel. The two named techniques are based on very small forces.

A way to overcome this deficit is to increase the forces on the particles, like a

centrifuge. Based on the rotation of the air stream and the centrifugal force, particles

will deposit on the outer edge of the chamber. Bigger particles will deposit earlier

within a spiral centrifuge, whereas smaller particles travel along, maybe even up to

the exit of the system, where they are collected by a assembled filter. (Baron and

Willeke, 2005)

Thermal Precipitators

In case of thermal precipitators, thermophoretic forces on the particles are used to

collect them. In such a setup the aerosol is transported along a tube and passes

a heated wire in the center of the tube. The tube itself is surrounded by a heat

sink on the outside. Particles passing through a temperature gradient in air, will

be hit by the air molecules from the warmer side with a higher energy than from

the cold side. The resulting net force directs the particles towards the cold surface.

The analysis of the particles is then usually performed microscopically. (Baron and

Willeke, 2005)

Direct Reading Methods

Based on Baron and Willeke, direct reading methods are grouped in three main

types of techniques (Baron and Willeke, 2005):

• Light Intensity Systems

• In Situ Sensing

• Particle Motion and Optical Detection

Light Intensity Systems
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Airborne particles, passing a light beam, cause light scattering and extinction of the

light. These effects are widely used to obtain information about the characteristics

of the particles, like their size distribution and the concentration. Devices which

base on light scattering and extinction allow in situ measurements as well as a high

degree of potential automation. The physical principle for the measurements usually

is based on the intensity of the scattered light or on the power of the attenuated

light. The measured light scattering or extinction can be caused by both, single

particles and an assembly of airborne particles. The effect of light scattering at

a particle which is much bigger than the wavelength of the light, is composed of

three main components, according to ray optics, which are reflection, refraction and

diffraction. In case of monochromatic light these components can be summed up as

the angular scattering coefficient. In the case that the particle is much smaller than

the wavelength, it can be assumed that the particle is subjected to a nearly uniform

field. In this case the characteristic properties of scattering at such a particle are

defined by its polarisability. (Baron and Willeke, 2005)

The most common representative of light intensity based devices is the optical

particle counter (OPC). The basic working principle of an OPC is the identification

of the number concentration and size of particles within a given size range. The

particles have to pass a condensed light beam. The scattered light from the particles

is measured by a photodetector and consecutively converted into electrical signals.

The amplitude of the electrical pulse allows the deduction of the particle size,

whereas the single impulses are counted to give the number concentration. OPCs

can use white light or monochromatic laser light. The measurements setup of these

devices can include either isoaxial location of the photodetector in relation to the

light source, or perpendicular positioning of the detector. Optical particle counters

are characterised by defined ranges for the number concentration, the flow rate of

the sampling stream and their sensitivity, especially regarding the lower limit of

detection. (Baron and Willeke, 2005)

In Situ Sensing

The before mentioned light intensity based systems, like OPCs are working on

taking a sample from the aerosol continuum. In contrast to these measurement
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systems, in situ sensing devices are not extracting samples from the aerosol, as

the particles are not transported to another location in order to be analysed.

Noninvasive measurements overcome the potential limitations of extractive systems,

but are also mostly based on optical imaging techniques. Direct reading, optically

based in situ measurement systems can be subdivided into techniques, which either

analyse single particles, or aggregate clouds (ensemble technique). The type of

systems analysing single particles, single particle counters (SPC), are similar to the

described light intensity based systems. The difference is given by the analysed

measurement volume, which in case of SPC lies outside the instrument. The system

can measure within several environmental conditions, where extractive systems

are only applicable with limitations, but do only work properly, if the number

concentration is low enough to avoid coincidence errors, occurring when more than

only one particle passes the measurement volume. In contrast to SPC systems,

devices based on the ensemble technique illuminate a bigger volume containing a

large amount of particles and analyse the collective scattering signal. The main

disadvantage of this system is given by the averaging process, eliminating detailed

information about individual particle characteristics. So, ensemble technique devices

give information on the sizes and number of particles present in the sampling volume

during the time of measurement, which corresponds to spatial averaging. On the

contrary SPC systems provide the number and sizes of the particles passing through

the defined measurement volume, during the time of measurement, which is also

called temporal averaging. (Baron and Willeke, 2005)

In situ measurement devices can be moreover divided based on the measurement

principle. On the one hand there are intensity based SPCs, which use the peak

intensity of the scattered light as source of information for the particle size. On the

other hand there are SPCs, which use a laser Doppler velocimeter, based on the

identification of the Doppler shifted frequency of the scattered light, caused by the

particles passing by a defined measurement volume optically composed by two laser

beams. Moreover, in situ sensing devices can also be phase based. Such systems use

the laser Doppler velocimeter as basis in order to measure single particle size and

velocity, by including several detectors for the identification of the spatial as well as
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temporal frequencies of the Doppler shifted scattered light. Other techniques include

imaging systems (e.g. microscopes), particle field imaging (e.g. photography),

Fraunhofer diffraction (based on the analysis of a ensemble diffraction pattern) and

dynamic light scattering systems (based on the measurement of the oscillations of

the particles due to Brownian motion). (Baron and Willeke, 2005)

Particle Motion and Optical Detection

The mentioned optical direct reading methods provide fast and non destructive

information about the particles, but do not offer further information about the

characteristics of the particles, like their aerodynamic size. This information

is needed to describe the behaviour of the airborne particles during sampling,

inhalation and gravitational settling for example. The approaches based on optical

detection and motion analysis of the particles use a combination of the advantages

of optical measurement systems and manipulation of the particles. These systems

can be classified in four device types. First, there is the Electric Single Particle

Aerodynamic Relaxation Time analyser. Such a system consists of a measurement

volume which combines optical components (laser beams) and acoustic components.

Particles are traveling through the combined measurement volume where they get

excited by the acoustic waves. Their mass will lead to a phase lag, which can be

detected by the differential laser Doppler velocimeter. The second system type is

called Aerodynamic Particle Sizer. This system consist of a particle acceleration

nozzle with an air stream split into a clean sheath air stream and the aerosol

sample, and a laser velocimeter. The particles are passing the optical measurement

volume, where larger particles are not accelerated as fast as smaller particles and

therefore lag behind, which allows deduction of the aerodynamic diameter. The

third commercially available device of this system type is called Aerosizer. The

principle of the aerosizer is also based on the acceleration of the particles through

the orifice of a narrowing nozzle in a sonic expansion flow, but uses the principle

of Time of Flight (TOF) for the measurement of the aerodynamic diameter. The

TOF measurement is based on two laser beams within the measurement volume

with a defined distance to each other. Measurement basis is the scattered light
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of the particle in each of the laser beams. The fourth and last type of devices is

called Fibrous Aerosol Monitor. Whereas the first three mentioned measurement

techniques are optimised for the detection of compact particles, the Fibrous Aerosol

Monitor allows the detection of fibers, like asbestos. The working principle of this

system is based on an oscillating electric field, which leads to alignment of the fibers.

The aligned fibers are illuminated with a laser beam and the resulting light pulses

are detected by a photomultiplier and are further processed. (Baron and Willeke,

2005)

Electrical Characteristics Based Methods

Aerosol measurements based on optical methodologies are limited when the particles

get smaller than 0.1 µm. This deficit is mainly based on the weak light scattering

effects from small particles, especially when they are smaller than the wavelength

of the used light. Other techniques, which are based on gravitational or inertial

separation of particles, only work for such small particles under subatmospheric

pressure. The approach for the characterisation of such small particles is based on

the electrostatic charge. All sizes of particles are readily charged due to production

or transportation processes. The larger the particle size, the higher the probability

for several charges. Assuming that a particle is small enough to only have one

charge, it will move within an electric field depending on the particle size and

geometry. Subsequently, the analysis of the particle size, based on migration

based measurements, may only be reliable for particles with a diameter smaller

than 1 µm. There is a series of processes which influence and contribute to the

charging of particles. These processes include for example self charging in case of

radioactive particles, charging subjected by small gas ions, thermioinc charging,

static electrification and photoemission. The most widely spread device for particle

measurement and characterisation based on electrical properties, is the Differential

Mobility Analyser (DMA). The central component of a cylindrical DMA is a high

voltage inner electrode which is surrounded by an aerosol free sheath air stream.

The aerosol is applied into the DMA via a narrow opening letting the particles
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move downwards in direction of the excess air outlet along the inner electrode.

Particles will travel along the electrode and depending on their mobility will deposit

farther upstream (higher mobilities) or downstream (lower mobilities). Particle size

determination is based on the applied electric field which is depending on the applied

potential at the inner electrode and the radius of the inner as well as the outer

electrode. The particles are therefore moved and separated by the air flow in axial

direction and by the electric field in radial direction. Depending on the focus of

interest, there are several designs of DMAs. Such design versions include amongst

others the Differential Mobility Particle Sizer, the Scanning Mobility Particle Sizer,

the Tandem Differential Mobility Analyser and the TOF Mobility Analyser. (Baron

and Willeke, 2005)

Further Measurement Techniques

There are other aerosol measurement techniques available and as this is a field

of ongoing research, developments are continuously created and published. Based

on the classification and grouping of Baron and Willeke additional measurement

techniques are based on condensation detection and on the size separation based

on the diffusion. Devices based on the process of condensation are for example

the Condensation Particle Counter (CPC) and the Condensation Nuclei Counter

(CNC). Further on, effects like evaporation and condensation, as well as chemical

reactions may be actively used for the characterisation of airborne particles. (Baron

and Willeke, 2005)

2.5 Lung & Particle Deposition Simulation

Hofmann (Hofmann, 2011) and Calay et al. (Calay et al., 2002) state in their

works, that there are specific basic respiratory flow parameters, which need to be

considered in order to determine the actual potential particle deposition. These

parameters include the breathing frequency (f), the tidal volume (VT) as well as
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the durations of the inhalation, the exhalation and the phase of holding the breath.

As an additional factor , Hofmann (Hofmann, 2011) introduces the inspiratory flow

rate (q). The inspiratory flow rate is related to the velocity of the inhaled air

mixture and thereby also directly connected to the respiration of inhaled particles

(Hofmann, 2011). Calay et al. (Calay et al., 2002) define the respiratory airflow

as an incompressible, viscous flow characterised by a periodic function changing in

relation to time (Calay et al., 2002).

Breathing processes can be simulated in many different ways. These simulations

may also include possibilities to gain further insight into the deposition processes,

occurring during the respiration of airborne particles. The range of simulation

approaches includes in vivo testing procedures, in vitro models and numerical in

silico applications. Other approaches are based on mechanical models and also

on ex vivo applications. However, alternatives to animal tests are to be favoured in

general. This approach has been published by Russell and Burch (Russell and Burch,

1959) as the concept of 3Rs. This concept establishes several ethical principles,

including the main focus on alternatives to animal experimentation by the means of

replacement, reduction and refinement.

According to Doke and Dhawale (Doke and Dhawale, 2015) the main goal of the

principle of replacement is to simply reduce the amount of animals used in the diverse

processes. This can be achieved by introducing in vitro models, cell culture models,

in silico models and new imaging techniques as Balls states (Balls, 2002). Another

principle of the 3R strategy, reduction, aims to decrease the number of animals

included in a specific experiment. Such a reduction of animal use, can be reached

by including supporting information prior to planning a study. Such information

may be based on a statistical analysis prior to any design decision or the choice

of the most adequate study design (Doke and Dhawale, 2015). Refinement is the

third main goal and aims at the most careful planning of the study. Distress and

pain for the animals caused by the experimental procedures shall be reduced as

far as possible (Doke and Dhawale, 2015). The 3R approach of Russell and Burch

can therefore be seen as a way to improve the quality of life of the still necessary

laboratory animals, simultaneously increasing the quality of research as Hendriksen
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states in (Hendriksen, 2009).

Based on the principles of 3R and the according work related to these guidelines, any

alternative models simulating the respiration cycle should be developed concordant

to the explained humane oriented experimental principles. These guidelines add

complexity to the developed models, as the human respiratory tract is a demanding

system to be simulated realistically. The complexity may lead to limitations of the

models, for example caused by the changing morphology and functionality of the

respiratory tract along its components (Alépée et al., 2014). This is pointed out by

Winkler (Winkler, 2007), where these changes are specified as dramatic changes of

the structure of the airway walls and the geometric dimensions of the airways in

the area between the central and peripheral airways. Bates and Suki additionally

demonstrated, that there are several types of cells – embedded in diverse anatomical

structures – which have to be considered when the human respiratory tract is

modelled (Bates and Suki, 2008). Any of the available modelling approaches for

alternative testing procedures in respiratory research is characterised by a specific

set of advantages, disadvantages and the correlating limitations.

Nevertheless, there are several reasons for modeling the human respiratory system

and the deposition of particles within it. There are two main reasons at least, as

Hofmann has stated (Hofmann, 2011): On the one hand side, information on the

actual deposition of inhaled particles in the lung is required for any therapy which

is based on aerosol inhalation, including the related health risks. On the other

hand side, most of the available experimental data are actually referring to specific

conditions during inhalation of an aerosol and often to singular human subjects.

In-vitro Based Models

Gruber and Hartung (Gruber and Hartung, 2004) define in vitro methods as every

type of experiment which is related to the field of life sciences and includes living

material. Animals and humans may be included in such methods, but only as the

donors for the used tissue samples, like organs or cell lines.
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Several publications, like Fuchs et al. (Fuchs et al., 2002), Forbes and Ehrhardt

(Forbes and Ehrhardt, 2005) or Steimer et al. (Steimer et al., 2005) present

multiple, partially two-dimensional monocultures. These monocultures are an in

vitro model of the human air-blood barrier. Besides these setups, there are also more

sophisticated models based on a three-dimensional approach. By these means the

different types of cells help to represent the human physiological situation even more

realistically. Alépée (Alépée et al., 2014) states, that previous studies have shown

that cells tend to lose their specialised functions, as soon as they are removed from

their natural environment and their interconnected tissue. These studies lead to the

conclusion that three-dimensional models show a higher degree of actually realistic

representation of natural reactions. Nevertheless, such 3D models are limited in their

functionalities, when the organ level is of interest. This level would be an important

component for meaningful and realistic physiological models (Alépée et al., 2014).

The general development in this field of simulation shows that the potentials of new

3D models and organ-on-a-chip solutions are evolving as Huh et al. (Huh et al.,

2011), Alépée et al. (Alépée et al., 2014) and Ghallab and Badawy (Ghallab and

Badawy, 2010) show in their works. Three-dimensional models partially include two,

three and also four different types of cells, having been cultured in the same dish.

These systems are called co-culture and were also tested focusing on their reaction

on nanomaterials, which has been presented by Lehmann et al. (Lehmann et al.,

2009) and Müller et al. (Müller et al., 2010). Directly proportional to the amount

of included cell types, complexity and potential increase. Accordingly the possible

reactions of the system get even more realistic. However, even such complex systems

react not as specific as a human organism (Alépée et al., 2014).

The simulation of a human lung, under realistic conditions, needs one central real-

life situation to be taken into account for the chosen simulation setup: The surface

of the human lung is exposed to the air and all the particulate matter carried along

with it. This fact forces any in vitro model setup, to ensure an adequate air-liquid

interface, for the cells to be cultured at. Alépée et al. even states that there is no

lung model – neither two- nor three-dimensional – focusing on the upper and/or on

the lower components of the airways, that is capable of representing the optimal
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function-structure relationship properly. (Alépée et al., 2014) In order to mimic this

relationship, other characteristic conditions of human breathing have to be taken

into consideration additionally. These include the cyclic air flow patterns and the

actual mechanical stress to the cells during the breathing cycles. It is mentioned by

Alépée et al., that a realistic lung model would have to implemented those conditions,

or at least include a way of mimicking them.

In-vivo Based Models

The use of animal models in respiratory research has been growing simultaneously

to the development of pharmaceuticals and increase of prevalence of respiratory

pathologies. According to Shore (Shore, 2002) animal models specifically find usage

in research for pharmaceutical interventions in the field of COPD and asthma.

Several species like mice, dogs, sheep, monkeys and guinea pigs have been used for

asthma focused, allergen sensitisation based models. However most of the currently

used animal models focused on asthma are based on mice, because of several

advantages like short breeding period, lower costs, well known genetic markers

and a well characterised immune system. The second model, focusing on chronic

bronchitis, is mainly based on the inclusion of rats, dogs and mice. The animals are

usually exposed to noxious gases or aerosols for a short time interval per day over

a longer period of time, like months. The characteristics of chronic bronchitis in

human can only be mimicked partially in the given animal models, where rats show

the highest rate of representation of typical pathophysiological effects, including the

effect of airway hyperresponsiveness. (Shore, 2002)

Replacement, as the first principle of the 3R strategy, of course aims to replace

in vivo experimental setups as often as possible. Nevertheless, there are still

several measurements, tests and study designs in respiratory research, which are

depending on the information about the reaction of an organism. Such an example

is demonstrated by McKinney (McKinney et al., 2013), dealing with the development

of a computer-automated aerosol generator for silica and an animal inhalation

exposure system, which allowed specific target concentration during exposures
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lasting from 2 to 8 hours to small laboratory animals. Another example (McKinney

et al., 2012) shows a setup to research on the pulmonary as well as cardiovascular

responses of rats based on the inhalation of commercially available antimicrobial

sprays, where the animals have been exposed to the aerosol at different doses and for

different durations of up to four days. The post-inhalative monitoring taking place

for 24 hours showed clear reactions of the pulmonary and cardiovascular system of

the animals in case of higher dosage. McKinney concluded from this study that an

extended exposure of employees to the tested antimicrobial spray on a regular basis

should be avoided.

In vivo models are also included in new therapy approaches for the treatment

of pulmonary diseases. Such an approach for example is used for the treatment

of cystic fibrosis, where nanocomplexes as nonviral vectors are included. These

nanocomplexes are the basis for a novel inhalation therapy with the airway

epithelium as target tissue. This novel therapy has been published by Manunta

(Manunta et al., 2013) with an in vivo study, which aims to optimize the delivery

mechanisms of the included nanocomplexes by nebulisation. The deposition of the

radiolabeled vectors are monitored in vivo in the airways of large animals. The

animal model is based on Weaner pigs inhaling radiopharmaceuticals combined with

particle detection using γ-camera scintigraphy. (Manunta et al., 2013)

The main disadvantages of in vivo models are coined by ethics and additionally by

the possible limitations caused by the costs of keeping the animals as well as the

inevitable differences in anatomy and physiology between species, which may lead

to inconclusive results after translation to a human application. On the contrary, in

vivo models show the available homeostasis of a living organism as a major advantage

when compared to in vitro testing. Moreover, in vivo models show a higher degree of

completeness as several, if not all, aspects of the disposition of the used compounds in

the organism can be studied as well as systemic responses can be included. (Gruber

and Hartung, 2004)
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In-silico Based Models

Calay (Calay et al., 2002) present in their work a computational fluid dynamics

(CFD) based numerical breathing simulation. This model uses a three-dimensional

and asymmetrical bifurcation model of the central airways as a basis. The simulation

parameters include both, breathing at rest and breathing under maximal exercise.

The goal of this model is to simulate unsteady human respiratory flow dynamics.

The respiratory parameters of choice where a tidal volume of VT = 500 ml and

a breathing frequency of f = 0.2 Hz at resting condition and VT = 3330 ml and

f = 0.8 Hz at maximum exercise condition. Under both conditions the simulations

have shown to sufficiently agree with prior CFD models and other published

experiments. Nevertheless, Calay also states that the results for flow under both

conditions are clearly depending on the geometry of the simulated system and the

Reynolds number (Re) of the assumed flow. Therefore an accurate physiological

model is seen as prerequisite for successful simulations. (Calay et al., 2002)

Soni and Alibadi (Soni and Aliabadi, 2013) present another CFD based model

for the simulation of airflow and deposition of particles in the lung. The basis

of this model are the human bronchial tree generations 4 − 13, which had been

published by published by Weibel (Weibel, 1963). From this, Soni and Alibadi

created a ten-generation geometry model. The simulations were performed for both,

steady-state inhalation and unsteady flows. The deposition of the particles was

simulated by a Lagrangian model approach. The results show that even though

only sinusoidal waveforms were used to simulate inhalation and exhalation phases

of human breathing, the simulation was performed as intended. The results also

lead to the conclusion, that a realistic geometry is crucial for the simulation of

physiological behaviour of particle deposition during human breathing. (Soni and

Aliabadi, 2013)

Based on the statistical analysis of prior experimental data, Rudolf et al. (Rudolf

et al., 1990) have published another approach for in silico respiratory simulations,

based on an algebraic deposition model. This model provides differentiation between

particle deposition in the bronchial as well as bronchiolar region of the lung. The
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basic classification of this would be a semi empirical regional compartment model.

Hofmann (Hofmann, 2011) has evaluated this approach and states that the main

advantage of this model is its human experimental data basis. On the contrary,

the limitation is coined by the necessity to take assumptions for the model of local

deposition simulations.

Generally, in silico approaches are often based on Lagrangian or Eulerian modelling

concepts. The Eulerian model includes the one-dimensional cross-section models,

which are also called trumpet model. These models are based on the symmetric

lung model of Weibel (Weibel, 1963), as in (Lazaridis et al., 2001). Lazaridis et

al. also states that the aerosol general dynamic equation solution is the basis

for predictions of the transport of inhaled aerosols within a model. The aerosol

dynamic equation considers processes like coagulation of particles, condensation

effects, nucleation and deposition mechanisms (Lazaridis et al., 2001). The inclusion

of such aerosol physics based phenomena represent the main advantage of the

trumpet model. Nevertheless the model also shows some limitations, like the use

of a rather rudimentary geometry of the included airways, neglecting the inner

structure, as Hofmann points out (Hofmann, 2011). Another model, based on the

Eulerian approach was published by Martonen (Martonen, 1993). This model is

called single-path model and is a deterministic symmetric generation model, based

on the symmetric lung model published by Weibel (Weibel, 1963). This model

allows the calculation of both views, the total and the compartmental distribution of

particles. This type of model may be used to improve the efficacy of inhalative drug

therapy using selective deposition of particles at specific lung regions, as Martonen

states (Martonen, 1993). When evaluating the approach of single path models,

Hofmann identifies both, the included rudimentary geometry and the fact that such

models are computationally not demanding as its main advantages. On the contrary,

their limitation is characterised by the non-applicability for asymmetric or variable

structures. (Hofmann, 2011)

Another approach for a lung model was published by Asgharian et al. (Asgharian

et al., 2001) where a multiple–path model was presented as a deterministic

asymmetric generation simulation. The basis of this model is an asymmetric 5−lobe
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lung model including multiple volumes and various dimensions of the implemented

airways. As this model uses a more realistic airway morphology description, its

advantage is the resulting possibility to determine average fractions of deposition. A

more sophisticated approach of multiple–path models (Hofmann, 2011) include more

realistic lung structures on the basis of stochastic asymmetric generation models

and are then called stochastic multiple–path models. On the contrary the main

disadvantage of this model type is coined by the inclusion of a single or even two

lung measurements as basis for the used geometry. In this case the model might not

be representative for an individual simulation. (Hofmann, 2011)

The CFD model of Frederix et al. (Frederix et al., 2018) is based on an Eulerian

approach and uses an internally mixed aerosol for deposition predictions within a

realistic cast model of the upper respiratory tract of a human, which was published

by (Nordlund et al., 2017). The model includes aerosol physics phenomena, like

gravitational settling, diffusion and droplet drift. The results of the numerical

computation were compared to the published deposition measurements of Nordlund.

Predicted deposition in general was aligned with the results of Nordlund, but were

depending on several computational and boundary conditions. However, the use of

the included Eulerian model was successfully demonstrated. (Frederix et al., 2018)

Mechanical Models

In recent years several mechanical lung simulators have been developed and

published. The majority of those models is targeting the fields of research or

teaching. These models do mainly not allow measurements or simulations of particle

inhalation and deposition yet. Chase et al. (Chase et al., 2006) present a model

which basically is mechanically ventilated. It therefore simulates a passively moving,

hence ventilated lung. The mechanical basis of this construction contains six latex

rubber bellows, each with a volume of 200 ml. The simulation setup mimics six

compartments, all including variable resistances, which are realised by the inclusion

of valves. Moreover the compartments include changeable compliance, which is

achieved by the implementation of additional weight on the upper side of each
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compartment. This simulator allows several physiologic and pathological parameter

changes, but is limited in its available breathing patterns, as they are depending

on the setting s and capabilities of the connected ventilator. The model is not

intended to include the simulation of particle inhalation and was primarily built for

the purpose of teaching. (Chase et al., 2006)

An approach by Heili-Frades (Heili-Frades et al., 2007) describes another passive

lung model, which is mechanically ventilated. This simulator is designed as a bag in

a box system. The setup includes an inner bag, which is ventilated using a medical

ventilator for example. The pressure inside the box, surrounding the ventilated

inner bag, is monitored and can be varied via a connected and calibrated syringe

with changeable recoil characteristics. By its setup this model provides a possibility

to simulate both, restrictive and obstructive breathing pathologies. Nevertheless,

the passive setup leads to a dependency on the included ventilator for changing the

simulated breathing patterns. (Heili-Frades et al., 2007)

In contrast to the models of Chase et al. and Heili-Frades et al., the model of

Krueger-Ziolek et al. (Krueger-Ziolek et al., 2013) uses a different approach for

mechanical lung simulation as it is an actively moving, yet mechanically ventilated

lung simulator. This simulator system includes a linear motor driven cylinder piston

system, incorporating the advantage of getting rid of recoil forces. This component

allows to simulate linear and non-linear lung compliance behaviour as the piston

may be moved during ventilation, leading to a change of the available volume inside

the cylinder. However, this setup was defined to be used for teaching purposes and

does not incorporate the possibility to simulate particle inhalation and deposition.

(Krueger-Ziolek et al., 2013)

Another active breathing lung simulator was published by Meka and van Oostrom

(Meka and van Oostrom, 2004). This system is based on the approach of a fixed-

volume pressure controller, which simulates the exhalation, using a pressurised air

connection, and the inhalation, realised by a connected negative pressure generator.

This mechanical model is combined with mathematical models, which allow the

change of compliance and resistance values. The signals of the mathematical model

are transmitted to the connected air valves via a digital controlling unit. This model
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is based on defined values for carinal pressure and flow for the simulation. The actual

simulation of a breathing pattern is based on the use of sinusoidal waveforms. In

contrast to the models of Chase et al., Heili-Frades et al. and Krueger-Ziolek et al.,

this simulator is not designed to be used with mechanical, or forced, ventilation.

On the contrary, the simulated breathing patterns provided by this model are only

depending on the settings of the simulator itself (mainly sinusoidal flow patterns). As

many others, this simulator has also been designed to be used for teaching purposes.

(Meka and van Oostrom, 2004)

Mesic et al. (Mesic et al., 2003) published another approach for an active simulator.

This model is characterised by the capability to actively simulate pathological

breathing patterns. The simulator consists of a cylinder piston system within an

air compartment and combined mathematical models of the respiratory system.

By this combination the simulator represents a combination of two model types,

mathematical and mechanical models. The basis for the simulation process is the

generation of pathological breathing pattern signals including several breathing

patterns of ventilated patients. The adaption of the values for resistance and

compliance as well as their changes are created by adaptions within the underlying

mathematical model. This simulator has been created for the purpose of device

testing and teaching. (Mesic et al., 2003)

Several mechanical lung simulators have been developed for testing ventilation

devices, as Tang et al. (Tang et al., 2009) have summed up in their work. These

simulators share some common characteristics, of which the most frequent one is

their passive setup. Therefore, these models mainly only provide breathing patterns,

which are depending on the available and chosen ventilator settings. (Tang et al.,

2009)

When the task of particle inhalation and deposition measurements is put into focus

of simulation procedures, there are several mechanical lung models which have been

published. Some of these models were published by Lizal et al., as in (Lizal et al.,

2012). Those models are basically three dimensional cast models of the human

upper airways and some of them also include a mechanical representation of the
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oral cavity. These simulators allow the inhalation of diverse aerosols during both,

sinusoidal and realistic breathing patterns. The breathing pattern is controlled via

valves and implemented rotameters at each bronchial outlet. (Lizal et al., 2012)

Another approach uses such models for the validation of in-silico simulations in

comparison to experimental results, as Elcner et al. (Elcner et al., 2016) have

published. This approach includes both ends of the upper airways. The proximal

end (mouth) of the cast is connected via an elastic bag with an interconnected

aerosol generator for a monodisperse aerosol and a mixing chamber. The distal ends

representing the bronchi, are closing the breathing circuit with their connections

to the same mixing chamber. So, the aerosol is produced and mixed, inhaled and

then exhaled into the mixing chamber again. The integrated aerosol monitor is

used to observe the concentration of inhaled particles, whereas a phase Doppler

anemometer provides information about particle velocities within the airway model.

The published results of this model show significant alignment with the predicted

numerical deposition within the airway-model in general. (Elcner et al., 2016)

Ex-vivo Based Models

According to Gruber and Hartung (Gruber and Hartung, 2004) the term ex-vivo

is usually describing any action of preparation of donor tissue before the actual

sampling of tissue. In the case of lung simulation, where entire organs are often

included, the expression ex-vivo is mainly connected to extracorporeal perfusion

circuits and so called isolated organs.

Ex-vivo Lung Models

Kaye et al. (Kaye et al., 2000) have published an ex-vivo lung simulator for the

measurements of the aerosol deposition in the conducting airways of an isolated

porcine lung. The specimen has been taken from the slaughtering process, which

is concording to the 3R strategy. The lung is then actively breathing by the

application of cyclical pressure changes within an air tight chamber. The lung
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is stored horizontally within this chamber. The aerosol inhalation is realised by the

inhalation of fluorescently labeled particles. After the simulation cycle the tissue

is dissected and the deposition distribution within the organ is reconstructed by

analysing sections of the tissue. Results have shown the predicted non-uniform

distribution of particles within the conducting airways. The authors state that even

though the anatomy of the porcine lung differs from the anatomy of a human lung,

physiological implications could be deducted from the model. (Kaye et al., 2000)

Another approach for an ex-vivo lung model was published by Perinel et al. in

(Perinel et al., 2017a,b). The model is used for the simulation of the human-

porcine respiratory tract, specifically for the inclusion in preclinical studies and

particle deposition pattern measurements. This model includes human as well as

porcine anatomical components. On the one hand, a human cadaver plastinated

head is used for the representation of the nasopharyngeal region. On the other

hand, the model includes a porcine slaughterhouse lung for the representation of

the intrathoracic components within the model. As in the work of Kaye et al. the

lung tissue is embedded in a chamber connected to a negative pressure generator in

order to provide adequate lung movement for breathing simulation. This model does

not make part of the group of isolated organs, as the lung tissue is not kept under

physiological conditions, but has to be used within 48 hours after its extraction from

the donor pig. In contrast to the approach of Kaye et al., the particle deposition

measurements are not performed invasively. For this model radiolabelled particles

are identified by planar ventilation scintigraphy. (Perinel et al., 2017b)

Extracorporeal Perfusion Circuits

In the mid 1990s several approaches for ex-vivo paracorporeal lung models have been

published. In 2000, Wright et al. (Wright et al., 2000) published a porcine isolated

and perfused lung model for transplantation. The extracorporeal perfusion circuit

consisted of a heat exchanger, a roller pump, a reservoir, a ventilator and a bed

where the lung was submerged in 36 ℃ saline solution. The blood was drained into

the organ by gravity and pumped back by the roller pump. The perfusion was kept

upright for 4 hours. The entire procedure of this animal test took place under sterile
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conditions. Results proved feasibility of such models, but showed several limitations

like the likelihood of venous obstructions and pulmonary oedema. (Wright et al.,

2000)

On the basis of efficient organ use of slaughtered pigs, Grosse-Siestrup et al. have

published a model for multiple-organ harvesting (Grosse-Siestrup et al., 2002). The

procedure included modifications of the meat production process in order to still

meet legal hygiene requirements. The study included landrace pigs at an age of 6

months and a weight between 90 and 115 kg. The study included the extraction of

heart, lung, liver and kidney. The perfusion was performed with a circuit including

a dialysis module, a heat exchanger, a blood reservoir and two roller pumps, one

each connected to the arterial and the venous vessels of the organ. The weight of

the organ and of the volume of perfusate within the reservoir was measured using

a weight scale. The results proved the procedure to allow efficient multiple-organ

extraction. (Grosse-Siestrup et al., 2002)

Kamusella and team published a model of an isolated perfused porcine lung from

the slaughterhouse (Kamusella et al., 2009). The study included six landrace pigs

at an age of 6 months and a mean weight of 100 ± 10 kg. The organ perfusion

system included a dialysis module, a membrane oxygenator, a blood reservoir, a

respirator and two roller pumps for the transport of the blood, which has been used

for perfusion. After harvesting of the organ, the lung was submerged in a water bed

at 37 ℃ and ventilated via the external ventilator. The model allowed the organs

to maintain their function for over 135 minutes and provided a three dimensional

organ structure as a model. Kamusella et al. also state that an ex-vivo approach is

beneficial for the simulation of entire organ reactions and that the use of abbatoir

pigs is legally not considered as animal experiment and may therefore help to reduce

the number of animal tests, according to the 3R strategy. (Kamusella et al., 2009)

Daniel et al. (Daniel et al., 2018) have reviewed existing setups for extracorporeal

perfusion for multiple organ models. A common approach, which has been

established, is to slowly and gradually increase the flow rate of the perfusate through

the organ after its connection to the circuit, in order to warm up the tissue and
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Figure 2.14 – Schematic setup for a closed perfusion circuit with a reservoir, a pump

connected to the weight–monitored specimen via a heating an consecutive oxygenation system.

Arterial, oxygenated perfusate is transported in direction of the organ (red arrow), whereas the

venous outflow of the specimen (blue arrow) is propelled into the reservoir (Illustration taken

from (Daniel et al., 2018))

decrease the likelihood of oedema formation. Daniel et al. suggest two potential

circulatory setups: A closed system and an open perfusion system. The closed

perfusion system, reconnects the venous output of the specimen to refill the reservoir,

which is depicted in figure 2.14. The reservoir is then connected to a heating system

and a subsequent oxygenation system via a pump. The arterial connection from the

oxygenator to the specimen is used to monitor the pressure level within the system.

A weight scale is used to monitor weight changes of the organ, in order to detect

oedema. A stable lung function, as required for transplantation medicine, can be

held upright for up to 12 hours (Cypel et al., 2011) using a similar setup within the

medical procedure of ex-vivo lung perfusion (EVLP). (Daniel et al., 2018)
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2.6 Ex-vivo Lung Perfusion

In human transplantation medicine, the enlargement of any donor organ pool is one

of the most critical tasks nowadays. This also applies for lung transplantation.

The technique of ex vivo lung perfusion (EVLP) has been developed in recent

years and gained importance in the task of increasing the number of transplantable

organs. EVLP allows to preserve and assess the donor lung outside the body

after explantation. The basic components of an ex vivo perfusion circuit for the

purpose of EVLP consists, according to Popov et al. in (Popov et al., 2015), of

a pump, a leukocyte filter, a hollow fiber oxygenator (potentially combined with

the functionality of a heat exchanger, or separate) and a hard shell reservoir. The

perfusate is pumped through the oxygenator in order to deoxygenate, as the uptake

of oxygen is still performed by the viable lung. This deoxygenation process is

performed by flooding the oxygenator with a mixture of O2, CO2 and N2 as balancing

gas. The aim is to prepare the perfusate to equal normal venous blood in partial gas

pressures and a temperature of 37 ℃. Studies by Cypel et al. in (Cypel et al., 2008)

and (Cypel et al., 2011) showed that the donor organ was successfully kept alive for

pigs as well as for human subjects for a duration of up to 12 hours. These studies

included the acellular Steen solution (Steen et al., 1993) as perfusate. Ventilation

of the organ was ensured by the application of protective ventilation including

controlled perfusion flows and pressures within the vascular system of the lung.

The used system proved to be applicable for normothermic ex vivo lung perfusion

with an acellular perfusion solution, keeping the donor organ vivid for 12 hours

without significantly inflecting additional injury to the organ. (Cypel et al., 2008)

As Yeung et al. state, the technique of EVLP has already shown to reduce the

injury to the organ due to cold ischemia and to lead to adequate metabolic rates of

the lungs. (Yeung et al., 2011)

The approach seems obvious to use the new but already proven technique of EVLP

to allow vivid organs as lung equivalents in the used xPULM lung simulator. This

step needs the organ to be taken from the meat production process (compliant to

the 3R principles) and to be transported and handled along the clinical guidelines
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for lung transplantation and subsequent ex vivo lung perfusion.

2.7 xPULM

The lung simulation system under test for the evaluation against state of the art

approaches and its applicability for aerosol deposition simulations is the xPULM

simulator, which has been described in its latest form by Forjan et al. (Forjan et al.,

2018) and Pasteka et al. (Pasteka et al., 2018).

A B C

Figure 2.15 – The three main versions of the active lung simulator. (A) Version 0.1,

pneumatically driven, (B) Version 1.0, electrically driven using a rigid pneumatic system and

(C) Version 2.0 of the xPULM, electrically driven using a flexible bellows system

Figure 2.15 shows the three generations of the lung simulator, which were developed

over the course of time. The system started as a pneumatically driven simulation

system (v0.1) and was replaced by version 1.0, which included a cylinder piston

system as pressure drive unit. In the latest version, v2.0, the pressure is maintained

and controlled using a bellows system.
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Mechanical Lung Simulation

The lung simulator, xPULM, can be identified as a hybrid simulator setup, allowing

both, active as well as passive lung simulation. The xPULM system consists of three

main elements, which are depicted schematically in figure 2.16. The core component

is the thoracic box, which is built from transparent Polymethylmethacrylate

(PMMA) and hosts the used lung equivalent. The lid of the chamber allows

the connection of flow sensors and of an extracorporeal perfusion circuit, like the

mCM. The second main element is the pressure driving system, which consists of

a bellows system connected to a DC motor and an additional vacuum pump for

setting a default negative pressure within the thoracic chamber. The third and

last main component of the xPULM is the embedded real–time control system for

data processing, monitoring and controlling of the xPULM. The control system

is connected to an external PC for monitoring sensor values and changes of the

breathing parameters.

Specifically, the thoracic box holds a volume of 61 l and therefore allows the inclusion

of a mid sized porcine lung as test object. The lung equivalent is mounted onto the lid

of the thoracic chamber via a threaded connection which is connected to the trachea

of the tissue or a simulated trachea made from polymers. The lid moreover includes

two hydraulic connections which allow to propel nutrition fluid through the organ

connected to an extracorporeal nutrition circuit without compromising the pressure

characteristics within the chamber. The setup of the thoracic chamber allows the

simulation of a standing or sitting human subject as the lung equivalent is mounted

vertically at its trachea. The chamber moreover allows the inclusion of several

sensors, like absolute and differential pressure sensors, humidity and temperature

sensors as well as further sensory components. At last, the thoracic chamber stands

in direct pneumatic connection to the pressure driving system of the xPULM.

The second main component of the entire system is the pressure driving unit. This

part of the xPULM consists of a DC motor with a threaded spindle connected to the
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Figure 2.16 – Schematic representation of the xPULM system setup. It contains a thoracic

box connected to a vacuum pump and the bellows system, whose movements are controlled

via the embedded control system. Flow during in- and exhalation is measured and transmitted

to the control system. The xPULM may be monitored and simulation settings may be changed

using the external PC.

bottom plate of the bellows system. The lightweight bellows can be moved easily by

the turning of the motor and thereby move air into or out from the thoracic chamber,

leading to a direct change of the pressure within the chamber, consequently leading

to breathing movements of the lung equivalent. The default negative pressure within

the thoracic chamber, representing the natural expansion of a lung within the thorax

by adhesion to the visceral pleura, is provided by an additional vacuum pump with a

second direct pneumatic connection to the thoracic chamber. The resulting negative

pressure within the chamber, inflating the different lung equivalents, can be varied

by changing the simulation settings before or during breathing simulation at the

control system via the external PC, as well as other simulation parameters like the

breathing frequency f or the tidal volume VT.
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The last main component of the xPULM system consists of the control system,

an embedded real–time processing unit cRIO from National Instruments. This field

programmable gate array (FPGA) based system includes a processor 9022 (National

Instruments Corporation, 2018b) and the analog and digital input/output (I/O)

modules connected to the sensors and the actuators of the system. The software

running on the control system is programmed in LabView (National Instruments

Corporation, 2018a) by National Instruments. The software is also used to program

the operating system (OS) and control software of the xPULM including the data

transmission and control loop for the control of the breathing patterns. The

control algorithm for the breathing modes PI and PI-sin is processing the acquired

data from the two AWM720P1 Honeywell (Honeywell International Inc., 2015)

flow sensors, connected to the simulated trachea. As this sensor type is working

unidirectional, two sensors are included in an upside down position to each other.

By these means, the air streaming through the sensors during in- and exhalation may

be measured seamlessly. The simulation parameters are defined within the LabView

program on an external PC, connected to the control system via an Ethernet cable.

The realised and used version of the xPULM system is depicted in figure 2.17.

Breathing Simulation

The central element of any lung-, or breathing simulation approach is coined by the

choice of the lung equivalent included into the system. In the case of the xPULM

system, the lung equivalent may be nearly freely chosen. The used equivalents for

this work are two 3 l latex bags and a primed porcine lung, which has been salvaged

from the routine of meat production processes. The system can hold and operate

any elastic equivalent, whose geometrical properties and elastic properties allow the

integration into the thoracic chamber. The breathing simulation itself is based on

the pressure changes within the thoracic chamber. The expansion of the bellows

draws the displaced volume from the chamber into the bellows system, creating a

negative pressure within the chamber. This change is analogous to the inhalation

movement of a human during breathing at rest, where the rib cage is moving up- and
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Figure 2.17 – Realised xPULM system including its main components like the thoracic

chamber, the pressure driving system (bellows system and vacuum pump) and the embedded

control system unit

outwards, pulling at the pleural gap and creating a negative interpleural pressure.

The reverse movement of the bellows leads to a volume displacement back into the

thoracic chamber, increasing the pressure within the chamber towards the default

negative pressure, or atmospheric pressure if desirable. The increase of pressure

within the thoracic chamber corresponds to the exhalation process, where the rib

cage is moved back into the resting position due to the elastic recoil of the system.

The entire breathing simulation is therefore depending on the turnings and control of

the connected DC motor. The motor as core element of the pressure driving unit, is
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controlled via the LabView software, running on the embedded control system. The

signal is defined by the turning speed and duration in each direction, representing the

displaced volume over time, meaning the respiratory flow respectively. Therefore,

the basis for the xPULM breathing simulation model is based on a mathematical

function, representing the breathing flow. Strictly seen, this mathematical function

does not imply an in-silico approach as integrated part of the xPULM solution.

Nevertheless, other flow curves may be introduced into the system, which can also

be produced by prior in-silico modeling. Therefore the xPULM model has to be

classified as a mechanical model, integrating ex-vivo approaches and the option of

integration of in-silico components into the system.

The breathing simulation can be performed in three breathing modes, which are

the Sin mode, the PI-sin and the PI-breath mode. In the case of the Sin mode,

the breathing pattern is determined by a sinusoidal function, whose frequency and

amplitude can be changed in order to vary the breathing parameters of the breathing

frequency and the tidal volume. This mode is uncontrolled and the xPULM system

repeats the sinusoidal waveform as breathing pattern, without any regulation due

to flow or pressure changes. In the case of the PI-sin mode, the xPULM system also

takes a sinusoidal function as basis for the breathing pattern, but in this setup the

produced breathing pattern is regulated by monitoring the actual flow through the

simulated trachea, via the two Honeywell flow sensors. The last breathing simulation

option, which is implemented in the xPULM at the current status, is the PI-breath

mode. In this case a mathematical function is the basis of the controlled breathing

processes. This function is based on the ideal-typical breathing curve of physiological

breathing at rest. Again, the control is based on the measured flow values of the

two flow sensors. During all three breathing modes, the default pressure within the

thoracic chamber may be automatically or manually adapted to a sub-atmospheric

pressure level.
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2.8 Experimental Setup

The experimental setup for this work includes six main components in its general

composition, as schematically depicted in figure 2.18. These components consist of

aerosol production systems, based on multiple production mechanisms, an aerosol

transportation system, including an aerosol reservoir, an optional aerosol dilution

system, which may be bypassed, the lung simulator xPULM itself and the connected

aerosol measurement system and external flow measurement unit.

Figure 2.18 – Schematic representation of the general experimental setup, including the

multiple aerosol production systems, the connected aerosol reservoir, the aerosol dilution

system which may be bypassed and the finally connected xPULM system. The flow of the

breathing patterns is measured outside the system, as well as the in- and exhaled aerosol
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Aerosol Production System

Three types of aerosol production systems have been included into the studies.

• One component nozzle — Nebulisation of Liquids — Commercially available

pressurised spray cans

• Two component nozzle — Nebulisation of Liquids — Polydisperse aerosol

generator AGF 2.0 (Palas GmbH, 2018c)

• Sinclair La Mer Generator — Condensation based Production — Monodisperse

aerosol generator MAG 3000 (Palas GmbH, 2018d)

One Component Nozzle

The basic principle of the one component nozzle, schematically depicted in part A

of figure 2.19, bases on a composition of the particle source material and a driving

medium, propelled to the exit orifice by pressure. The mixture clashes with the

atmospheric pressure and disintegrates into the intended aerosol, consisting of either

liquid or solid particles.

A B

Figure 2.19 – Schematic representation of the technical setup of A) an one component

nozzle and B) a two component nozzle, where in both cases a mixture of a driving medium

(black arrow) and the particle source material (blue arrow) is propelled to the exit orifice,

where the mixture hits atmospheric pressure conditions and disintegrates

The experimental setup includes various aerosols based on the production principle

of a one component nozzle. The used aerosols are commercially available, stored in
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pressurised cans and explicitly dedicated for an external use on the human body.

The list of products include:

• Spray№1 Protective spray against foot infections

• Spray№2 Silver spray powder for topic application at skin lesions

• Spray№3 Micro–talc based spray powder deodorant

• Spray№4 Insect repellent spray for topic application

In these cases the number concentration (CN) as well as the particle size distribution

(PSD) cannot be influenced as the spray cans are closed and prefilled systems.

Two Component Nozzle

A two component nozzle, schematically represented in figure 2.19, uses a pressurised

medium (e.g. gas, air, other propellants) to suck the source material, in most cases

liquids, from the reservoir into the air stream based on the Venturi nozzle. The two

component nozzle used for the experimental setup is built in the AGF 2.0, shown in

figure 2.20, by Palas GmbH.

Figure 2.20 – The AGF 2.0 polydisperse aerosol generator by Palas GmbH (Illustration

taken from (Palas GmbH, 2018c))

This aerosol generator produces a polydisperse aerosol with a mean particle diameter

(dp) of 0.25 µm and a maximum diameter of 2.0 µm at a variable volume output of

6−17 l/min. The number concentration can be varied, depending on the flow rate of

the supplied compressed air stream. The particle size distribution is defined by the
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nozzle characteristics and the included cyclone for particle separation. The source

material used in the experimental setup is Di-Ethyl-Hexyl-Sebacat (DEHS), which

is a transparent hydrophobic liquid.

Sinclair La Mer Generator

The Sinclair La Mer generator produces a monodisperse aerosol, based on the

principle of controlled condensation on primary particles. The generator included

in the experimental setup is the MAG 3000 by Palas GmbH, shown in figure 2.21.

Figure 2.21 – The MAG 3000 monodisperse aerosol generator by Palas GmbH (Illustration

taken from (Palas GmbH, 2018d))

The mean particle diameter, produced by this type of generator can be varied within

the range of of 0.2− 8 µm at a variable output stream of 3.5− 4.5 l/min. Nitrogen

is used as protective gas during the production process together with DEHS for the

evaporation and a saline solution as primary particle source. The maximum number

concentration produced by the MAG 3000 is 106 Particles/cm3.

Aerosol Transportation System

The aerosol transportation system for the experimental setup includes multiple

components. On the one hand side the produced aerosol is collected in the aerosol
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reservoir, made from PMMA holding a volume of 39.78 l. This chamber, depicted

in figure 2.22, has two main outlets at the lower end of one long side as well as

one equilibration orifice at the upper part of the same side. The aerosol is pumped

into the chamber at the perpendicular front side via a closeable inlet. Further

information about the dimensions and setup of the aerosol reservoir is depicted

in the appendix in figure A.26. On the other hand the aerosol transportation

system includes the aerosol dilution system in order to achieve a measurable number

concentration which is then connected to the xPULM for the final measurements.

The number concentration of the produced aerosol can be monitored either at the

aerosol reservoir, the input nozzle of the aerosol dilution system or the output nozzle

of the same. The aerosol is then transported to the xPULM T-piece via the supply air

stream of the aerosol dilution box. This ensures continuous availability of the aerosol

for the lung simulator for each single breathing cycle without forcing the particles

into the lung equivalent. The T-piece, depicted in figure 2.23 provides three optional

aerosol monitoring points, one at each branch but all mounted perpendicular to the

stream trajectory.

a

b

c

Figure 2.22 – Rendered CAD drawing of the included aerosol reservoir, including the aerosol

inlet (a), the aerosol outlet (b) and the sampling port for the aerosol measurement (c)
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a

b

c

Figure 2.23 – Rendered CAD drawing of the developed T-Piece, showing the three

perpendicular aerosol monitoring connectors (a), the outlet (b) of the system in front (labeled

”Filter”) and the input (c) from the aerosol production unit (labeled ”Inlet”)

Aerosol Dilution System

The used aerosol measurement system Promo 2000, with two different white light

aerosol sensors, define the maximum number concentration which can be measured

without coincidence errors. For this reason an aerosol dilution system was developed

for the experimental setup, which is based on the ejector principle defined by the

VDI standard 3491 (Verein Deutscher Ingenieure, 1996), which has also been used by

several research groups like (Yoon et al., 2005) and (Lyyränen et al., 2004), as shown

in figure 2.24. The planned Aerosol Dilution Box (ADB), schematically represented

as CAD drawings in figures 2.25 and 2.26, shall dilute the produced aerosol in order

to supply the rest of the experimental setup with an aerosol of adequate number

concentration.

The physical working principle of the ejector principle dilution systems is the

passive uptake of undiluted aerosol by negative pressure at the inlet nozzle. This

negative pressure is produced on the basis of the Venturi effect, based on Bernoulli’s

principle. Equation 2.17 shows Bernoulli’s equation for the special case that the

tube component with a bigger cross sectional area is isoaxially mounted to the

component of the tube with the smaller cross sectional area. Under this assumption

gravitational force and the difference in height between the two components can be
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Figure 2.24 – Schematic drawings of two dilution system approaches based on the ejector

principle (Illustrations based on (A) (Yoon et al., 2005), (B) (Lyyränen et al., 2004))

neglected. Assuming that no energy is lost, the same volume can only be transported

through the smaller tube, if the pressure is lower within this section. The lowest

pressure is produced at the annular gap, depicted in figure 2.26. This pressure

difference is used to suck the air into the input nozzle of the dilution system.

P1 +
1

2
· % · V 2

1 = P2 +
1

2
· % · V 2

2 (2.17)

Based on the basics of the ejector principle, described in the VDI standard 3491

(Verein Deutscher Ingenieure, 1996), the dilution factor (kv) of such a dilution system

can be calculated as ratio of the concentrations of the undiluted aerosol (Cu) and

the diluted aerosol (Cd), or as the ratio of the volumetric flows of the aerosol (qA)

and the clean supply air (qsa), as shown in equation 2.18.

kv =
Cu

Cd

=
qA + qsa

qA

(2.18)

Following the definition of the ejector principle based aerosol dilution systems, the

dilution ratio is solely defined by the geometry of the inner components, specifically

the size of the annular gap around the inlet nozzle at the entrance of the mixing

chamber, as shown in figure 2.26.
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Pressurized air connector

Inlet nozzle

Exhaust

Outlet nozzle

Connector for OAS

M6 screw

Figure 2.25 – Technical drawing of the designed Aerosol Dilution Box with the main

components labeled

Pressurized air connector

Inlet nozzle

Exhaust

Outlet nozzle

Connector for OAS

Annular gap Mixing chamber

Ø6.4mm hole
for M6 screw

Rail for tightening band

Figure 2.26 – Technical drawing of the inner view of the Aerosol Dilution Box
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Aerosol Measurement System

The aerosol measurement system, included in this study is based on the principle of

an optical aerosol spectrometer (OAS). The used type is a Promo 2000 by Palas

GmbH (Palas GmbH, 2018e) combined with two white light aerosol sensors of

choice (shown together in figure 2.27 (A)), the welas 2200 (Palas GmbH, 2018b)

and the welas 2070 (Palas GmbH, 2018a) from the same company. Each sensor was

connected to one OAS via fiber optics. The Promo 2000 provides a measurement

range of 0.2 − 100 µm, depending on the connected sensor. The included sensors

differ in the size of the T–aperture used within the optical pathway. The change

of size of the aperture leads to a different virtual, optical measurement volume and

therefore directly influences the measurement range for the number concentration,

as depicted in in figure 2.27 (B). In case of the welas 2200 the maximum CN is

8 · 104 Particles/cm3 with a measurable size range of 0.2− 40 µm whereas the welas

2070 has a smaller T–aperture and allows a CN of 1 · 106 Particles/cm3 within the

same measurable size range.

optically defined

measurement volume

T–Aperture

light source

T–Aperture scattered

light detection

Mirror
Particles

P1 P2
A B

Figure 2.27 – (A) The optical aerosol spectrometer Promo 2000 with a white light aerosol

sensor welas on top of it by Palas GmbH (Illustration taken from (Palas GmbH, 2018e)) and

(B) the optical setup of the aerosol sensor with its T–aperture (Illustration based on (Mölter,

2015)

The OAS in use, need an isovolumetric sampling flow, which is controlled via the

built in pumps to stay at qs = 5 l/min. The information about passing particles is

obtained by acquisition of the scattered light, which has been produced by a 35 W
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Xenon lamp within the Promo and emitted into the optical measurement volume

via fiber optics. The light impulses, scattered at an angle of 90°, are directed back to

the photomultiplier within the OAS again using a fiber optic connection. Amplitude

and duration of the signals give information about the number of particles and the

particle size distribution.

2.9 Strategic Long Term Goals

The ISO/IEC 17025:2017 standard for testing and calibration laboratories,

(International Electrotechnical Commission, 2017), demands resource requirements,

process as well as management system requirements to be met. Generally

impartiality and confidentiality of the testing laboratory have to be ensured. The

included resource requirements include equipment management, trained staff and

metrological traceability, amongst others. The requirements for the processes

taking place within the testing and calibration laboratory include the verification

and validation of the used methods as well as sampling, technical records and

reporting. Moreover, management system requirements include management system

documentation, audits and reviews, besides other requirements (International

Electrotechnical Commission, 2017). This strategic long term goal is the basis for

the development of the measurement protocols and the testing methods of this

work. Specifically, metrological traceability is ensured by basing the measurement

protocols on SI derived units. Additionally, the requirement of establishing processes

for sampling and technical records is supported by the measurement protocols and

the defined experimental setups. By these means first steps in direction of a certified

testing and calibration laboratory are taken.

The development of the protocols and establishing of the calibration

and measurement processes, in accordance with the requirements of the

ISO/IEC 17025:2017 standard, are the basis to fulfill the requirements of the first

step of the EURL ECVAM’s process of validation (EURL ECVAM, 2018), in which

the submitted test method will be assessed scientifically and prioritised. This first
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validation step moreover takes the verification and validation of the submitted test

method as prerequisite. An evaluation of the presented electromechanical lung

simulator and the corresponding measurement setup on the basis of state of the art

approaches and systems will provide further information for the scientific assessment.
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2.10 Measurement Protocols

In order to evaluate the components and the xPULM simulator itself for the desired

application as lung simulator for aerosol breathing purposes, multiple measurement

protocols have been created which cover the following topics:

• Evaluation of the used measurement devices for flow q and characteristic

pressure drop ∆P

(Overview of used components and settings shown in table 2.1; Schematic

representation of the setup depicted in figure 2.28)

• Evaluation of the three implemented breathing modes of the xPULM

(Overview of used components and settings shown in table 2.2; Schematic

representation of the setup depicted in figure 2.29)

• Evaluation of the air tightness of the xPULM thoracic chamber

(Overview of used components and settings shown in table 2.3)

• Characterisation of the used aerosols

(Overview of used components and settings shown in table 2.4; Schematic

representation of the setup depicted in figure 2.30)

• Verification of the Aerosol Dilution Box (ADB) and identification of the

provided dilution factors kv at given input nozzle angles ϕ

(Overview of used components and settings shown in table 2.5; Schematic

representation of the setup depicted in figure 2.31)

• Evaluation of the xPULM using various lung equivalents and aerosols for

several breathing conditions

(Overview of used components and settings shown in table 2.6; Schematic

representation of the setup depicted in figure 2.32)
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Table 2.1 – Measurement protocol for the evaluation of the included measurement devices

and components regarding calibration of the flow q and characterisation of the caused pressure

drop ∆P
Measurement Device Evaluation

Used

Components

Application Type Specification Manufacturer

Pneumatic Supply

Flow sensor PF300

Pressure sensor PF300

Flowsensor 4040

Flowsensor D30

Bacteria filter BB50T

Compressor, Hoses,

valves, connectors

Pressure difference

Thermal mass

Ultrasound

Bidirectional filter

0− 20000 hPa

-300− 300 l/min,

-150− 150 hPa

0− 300 l/min

-1− 1 l/min

Ri < 1 hPa

Diverse

IMT medical

TSI

Thormed

PALL

Aerosol

Properties

Dispersity Particle Properties Generator Type Manufacturer

n.a. n.a. n.a. n.a.

Simulation

Parameters

Breathing Mode Frequency (f) Pressure (Psa) Flow (qsa)

n.a. n.a. 2000− 3000 hPa 30− 210 l/min

Measurement

Equipment

Application Physical Units Type Manufacturer

Flow

Flow

Flow

Resistance

Pressure

l/min

l/min

l/min

hPa/l·min-1

hPa

PF300

4040

D30

BB50T

PF300

IMT medical

TSI

Thormed

PALL

IMT medical

Measurement

Parameters

Duration Repetitions
Expected

Reference Values
Source

4 min 5 per flow value 30− 210 l/min n.a.

Environmental

Conditions

Relative Humidity

(rH)

Temperature

(T )

Atmospheric Pressure

(P )

40− 55 %rH 22− 32 ℃ 900− 1050 hPa

Description

Steps of the

Procedure

1) Connect PF300 to pneumatic supply system

2) Set system pressure to defined value for Psa

3) Acquire qdo, Pdi and Pdo for PF300

4) Connect other devices singularly in series in front of PF300

5) Acquire registered qdo data in reference to PF300

6) Increase system flow rate stepwise from 30 to 210 l/min

Combinations

(if applicable)

a) Repeat measurements for each device under test

b) Repeat measurements for defined values for Psa and qsa
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Figure 2.28 – Schematic representation of the experimental setup for the measurement

protocol of evaluating the included measurement devices and components regarding calibration

of the flow q and characterisation of the caused pressure drop ∆P , where Pdi represents the

pressure at the device input and Pdo the pressure at the output of the device.

Figure 2.28 shows the schematic experimental setup. The devices used further on,

are characterised for the actual registered flow values q and their caused pressure

drop, which influences the flow measurements.

The used devices, listed in table 2.1, are based on different measurement techniques

and therefore offer several measurement ranges. It has to be determined which

device will be used for the monitoring of which branch of the final setup. The clean

supply air is produced by a electric compressor with a maximum supply pressure of

7000 hPa. This supply air will be reduced by a pressure reduction valve including a

pressure gauge and a flow control valve. To ensure high quality clean and dry supply

air, a bidirectional bacterial filter equipped with a pleated hydrophobic membrane,

is placed in the supply air stream.

The integrated PF300 from IMT has been calibrated by the manufacturing company

and is therefore used as reference measurement device for all experimental setups to

acquire flow q and pressure P data at multiple measurement points.
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Table 2.2 – Measurement protocol for the evaluation of the three implemented breathing

modes of the xPULM
Breathing Simulation Evaluation

Used

Components

Application Type Specification Manufacturer

Artificial lung equivalents

Primed porcine lung

Latex

Tissue

Two bags, each 3 l

Adult porcine lung

Rüsch

Nasco

Aerosol

Properties

Dispersity Particle Properties Generator Type Manufacturer

n.a. n.a. n.a. n.a.

Simulation

Parameters

Breathing Mode Frequency (f) Tidal Volume (VT) Flow (q)

Sin–mode

PI-Sin–mode

PI-breath–mode

10, 12,

15, 18 bpm

400, 450, 500,

550, 600 ml
n.a.

Measurement

Equipment

Application Physical Units Type Manufacturer

Flow

Flow

Pressure

Pressure

l/min

l/min

hPa

hPa

PF300

AWM720P1

PF300

MPXV2010DP

IMT medical

Honeywell

IMT medical

Freescale-

Semiconductors

Measurement

Parameters

Duration Repetitions
Expected

Reference Values
Source

2 min 2 450-500 ml (West, 2004)

Environmental

Conditions

Relative Humidity

(rH)

Temperature

(T )

Atmospheric Pressure

(P )

40− 55 %rH 22− 32 ℃ 900− 1050 hPa

Description

Steps of the

Procedure

1) Perform calibration procedure of the xPULM at the start

2) Set the intended amplitude, representing the tidal volume

3) Set breathing mode under test

4) Evacuate the thoracic chamber to a default subatmospheric pressure of −5 hPa

5) Start breathing simulation with corresponding breathing frequency

6) Export data for breathing flow (qr) and pressure in the thoracic chamber (PTC)

for the time period of 2 min

7) Change simulation parameters according to predefined settings

Combinations

(if applicable)

a) Repeat measurements for defined breathing frequencies

b) Repeat measurements for the defined amplitudes (tidal volumes)

c) Repeat measurements for both lung equivalents

d) Repeat measurements with changed frequency, amplitude and lung equivalent

for each breathing mode
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Figure 2.29 – Schematic representation of the experimental setup for the measurement

protocol for the evaluation of the breathing simulations provided by the xPULM system. The

created breathing flow qr is measured with the calibrated IMT PF300

The schematic setup shown in figure 2.29 depicts the basic setup for the evaluation of

the breathing patterns of the xPULM. The lung simulator uses the two unidirectional

Honeywell flow sensors as measurement device as well as the built in Freescale

pressure sensor, listed in table 2.2. The simulation parameters are set within

the LabView software of the xPULM and the generated tidal volume VT of the

breathing patterns are recorded as qr by the built in software and the IMT PF300

simultaneously. The experimental setup and measurement protocol are designed

to evaluate the three breathing patterns under several conditions for VT and the

breathing frequency f for both possible lung equivalents (two artificial latex bags

and a primed porcine lung).

The recorded signals will be evaluated according to their accuracy in the signal

shape and repeatability of the flow curves under conditions simulating physiological

breathing at rest.

The same setup will be used for the evaluation of the air tightness of the thoracic

chamber, listed in table 2.3. In this case the built in pressure sensor will be validated

against the connected PF300. The protocol aims for setting defined subatmospheric

pressures within the chamber and measuring the time constant τ of the equilibration

back to atmospheric pressure.
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Table 2.3 – Measurement protocol for the evaluation of the air tightness of the xPULM

thoracic chamber
Chamber Air Tightness Evaluation

Used

Components

Application Type Specification Manufacturer

xPULM-

Thoracic Chamber
PMMA chamber n.a. UASTW

Aerosol

Properties

Dispersity Particle Properties Generator Type Manufacturer

n.a. n.a. n.a. n.a.

Simulation

Parameters

Breathing Mode Frequency (f) Amplitude (A) Pressure (PTC)

n.a. n.a. n.a.

-5, -10,

-15, -20

-25, -30 hPa

Measurement

Equipment

Application Physical Units Type Manufacturer

Pressure

Pressure

hPa

hPa

MPXV2010DP

PF300

Freescale-

Semiconductors

IMT medical

Measurement

Parameters

Duration Repetitions
Expected

Reference Values
Source

τ 2 -5−-30 hPa n.a.

Environmental

Conditions

Relative Humidity

(rH)

Temperature

(T )

Atmospheric Pressure

(P )

40− 55 %rH 22− 32 ℃ 900− 1050 hPa

Description

Steps of the

Procedure

1) Connect PF300 to closed and sealed top lid of the chamber

2) Reduce pressure to goal value

3) Stop vacuum pump manually

4) Record and export pressure change over time back to atmospheric pressure level

Combinations

(if applicable)

a) Repeat measurements for each of defined values for PTC
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Table 2.4 – Measurement protocol for the characterisation of the used aerosols — (Legend:

t.b.i. – to be identified; o.c.n. – one component nozzle)
Characterisation of Used Aerosols

Used

Components

Application Type Specification Manufacturer

Aerosol Reservoir

OAS №1

OAS №2

Flow sensor

Monodisperse aerosol

Polydisperse aerosol

Pressurised Aerosols

PMMA chamber

Promo 2000 + welas2070

Promo 2000 + welas2200

PF300

MAG3000

AGF2.0

Spray cans

39.78 l

max. CN = 1 Mio. P/cm3

max. CN = 80000 P/cm3

-300− 300 l/min

mean dp = 0.2− 8 µm

mean dp = 0.25 µm

mean dp = t.b.i.

UASTW

Palas GmbH

Palas GmbH

IMT medical

Palas GmbH

Palas GmbH

diverse

Aerosol

Properties

Dispersity Particle Properties Generator Type Manufacturer

Monodisperse

Polydisperse

Polydisperse

Polydisperse

Polydisperse

Polydisperse

mean dp = 0.2− 8 µm

mean dp = 0.25 µm

t.b.i.

t.b.i.

t.b.i.

t.b.i.

Sinclair La Mer

Two component nozzle

o.c.n.: Spray№1

o.c.n.: Spray№2

o.c.n.: Spray№3

o.c.n.: Spray№4

Palas GmbH

Palas GmbH

anonymised

anonymised

anonymised

anonymised

Simulation

Parameters

Breathing Mode Frequency (f) Amplitude (A) Flow (q)

n.a. n.a. n.a. 2× 5 l/min

Measurement

Equipment

Application Physical Units Type Manufacturer

CN

PSD

CN

PSD

Flow

Pressure

P/cm3

µm

P/cm3

µm

l/min

hPa

Promo 2000 + welas2070

Promo 2000 + welas2070

Promo 2000 + welas2200

Promo 2000 + welas2200

PF300

PF300

Palas GmbH

Palas GmbH

IMT medical

Measurement

Parameters

Duration Repetitions
Expected

Reference Values
Source

τ 2

mean dp = 0.2− 8 µm

mean dp = 0.25 µm

Spray №1 t.b.i.

Spray №2 t.b.i.

Spray №3 t.b.i.

Spray №4 t.b.i.

Palas GmbH, MAG

Palas GmbH, AGF

Environmental

Conditions

Relative Humidity

(rH)

Temperature

(T )

Atmospheric Pressure

(P )

40− 55 %rH 22− 32 ℃ 900− 1050 hPa

Description

Steps of the

Procedure

1) Connect both OAS to the Aerosol Reservoir

2) Connect PF300 for recording of q and PAR

3) Measure 200 s reference background load of empty reservoir

4) Apply aerosol from generator according to defined time span

5) Close application valve to aerosol generator

6) Measure CN until value reaches reference background load

7) Clean reservoir and all connections with pressurised clean air

Combinations

(if applicable)

a) Repeat measurements for each aerosol generator
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Figure 2.30 – Schematic representation of the experimental setup for the measurement

protocol for the characterisation of the used aerosols for the final measurements. The aerosol

sources, generally labeled as primary aerosol (Ap), are divided into monodisperse particle

aerosols (Apm), polydisperse particle aerosols (App) and particles produced by a pressurised

can (Apc). Number concentration within the aerosol reservoir is monitored via the Promo

2000 and a welas 2070 sensor at (1) and the same OAS with a welas 2200 sensor at (2). The

equilibrium flow into the chamber qeq and the pressure within the aerosol reservoir PAR are

measured both with the calibrated IMT PF300

The evaluation measurement setup includes samples from the aerosols listed in table

2.4. The evaluation of inhalative processes of particles during breathing simulation,

bases on the knowledge of the inhaled particles. For this reason the different aerosol

generators are evaluated and characterised in regards to their typically produced

number concentration CN and their mean particle size distribution (PSD), as shown

in figure 2.30. Each aerosol is propelled into the aerosol reservoir for a given time

span and sucked out by both OAS at a steady sampling flow rate of qs = 5 l/min

by each spectrometer, until the reference background load within the reservoir is

reached again. During the entire application process of the aerosol, the flow through

the chamber and the pressure within the chamber are monitored via the connected

PF300.
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Table 2.5 – Measurement protocol for the verification of the Aerosol Dilution Box (ADB)
Verification and Characterisation of the ADB

Used

Components

Application Type Specification Manufacturer

Pneumatic Supply

xPULM

Aerosol Reservoir

ADB

OAS №1

OAS №2

Flow sensor №1

Flow sensor №2

Flow sensor №3

Filter as flow sensor

See table 2.1

Lung Simulator

PMMA chamber

Turnable nozzle

Promo 2000 + welas2070

Promo 2000 + welas2200

PF300

4040

D30

BB50T

0− 20000 hPa

VT = 450− 500 ml

39.78 l

kv t.b.i.

max. CN = 1 Mio. P/cm3

max. CN = 80000 P/cm3

-300− 300 l/min

0− 300 l/min

-1− 1 l/min

Ri < 1 hPa

Diverse

UASTW

UASTW

UASTW

Palas GmbH

Palas GmbH

IMT medical

TSI

Thormed

PALL

Aerosol

Properties

Dispersity Particle Properties Generator Type Manufacturer

n.a. n.a. n.a. n.a.

Simulation

Parameters

Breathing Mode Frequency (f) Flow (qsa) Input Nozzle (ϕ)

n.a. n.a. 100− 250 l/min
ϕ = 10− 360 °
in steps of 10°

Measurement

Equipment

Application Physical Units Type Manufacturer

Flow

Flow

Flow

Flow

Pressure

l/min

l/min

l/min

l/min

hPa

PF300

4040

D30

BB50T

PF300

IMT medical

TSI

Thormed

PALL

IMT medical

Measurement

Parameters

Duration Repetitions
Expected

Reference Values
Source

2 min

mean value every 20 s
1/10° turning t.b.i. n.a.

Environmental

Conditions

Relative Humidity

(rH)

Temperature

(T )

Atmospheric Pressure

(P )

40− 55 %rH 22− 32 ℃ 900− 1050 hPa

Description

Steps of the

Procedure

1) Assemble full setup with both OAS at sampling points

2) Set both OAS to automatic mode for constant qs = 5 l/min

3) Set Psa and qsa of pneumatic supply to constant values

4) Turn input nozzle of ADB for 10°
5) Acquire qu, qs, qe and qd from each connected measurement device

6) Determine kv for each position of ϕ

Combinations

(if applicable)

a) Repeat measurements for each 10° turning of the input nozzle of the ADB
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Figure 2.31 – Schematic representation of the experimental setup for the measurement

protocol for the verification of the created Aerosol Dilution Box (ADB). The input of the

aerosol reservoir is left open, but not connected to any aerosol generator. Continuous sampling

flow from the aerosol reservoir is created by two OAS – (Su) at (1) and (Sd) at (2). The

flows for undiluted aerosol qu and clean supply air qsa into the ADB, as well as the flows of

the diluted aerosol qd at the output nozzle and the exhaust flow qe are measured using each

another flow measurement system.

The setup, depicted in figure 2.31 and listed in table 2.5, contains most of the

components for the final measurement setup. As all devices in the pneumatic circuit,

especially the flow sensors, the running OAS and the xPULM, create a change in the

flow, these components are also included into the setup for verifying and evaluating

the Aerosol Dilution Box. A proof of concept test with coarse particles (n×n mm

paper pieces) will be the first test setup. Then, the goal of this measurement protocol

is to identify the dilution factor kv of the ADB, which can be changed due to the

threaded mounting of the input nozzle by influencing the size of the annular gap.
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Table 2.6 – Measurement protocol for the evaluation of the xPULM using various lung

equivalents and aerosols for several breathing conditions
Evaluation of the xPULM under Respiratory Simulation and Aerosol Application

Used

Components

Application Type Specification Manufacturer

Pneumatic Supply

xPULM

Artificial lung equivalents

Primed porcine lung

Aerosol Reservoir

ADB

OAS №1

OAS №2

Flow sensor №1

Flow sensor №2

Flow sensor №3

Filter as flow sensor

Monodisperse aerosol

Polydisperse aerosol

Pressurised Aerosols

See table 2.1

Lung Simulator

Latex

Tissue

PMMA chamber

Turnable nozzle

Promo 2000 + welas2070

Promo 2000 + welas2200

PF300

4040

D30

BB50T

MAG3000

AGF2.0

Spray cans

0− 20000 hPa

VT = 450− 500 ml

Two bags, each 3 l

Adult porcine lung

39.78 l

kv see table 2.5

max. CN = 1 Mio. P/cm3

max. CN = 80000 P/cm3

-300− 300 l/min

0− 300 l/min

-1− 1 l/min

Ri < 1 hPa

mean dp = 0.2− 8 µm

mean dp = 0.25 µm

mean dp see table 2.4

Diverse

UASTW

Rüsch

Nasco

UASTW

UASTW

Palas GmbH

Palas GmbH

IMT medical

TSI

Thormed

PALL

Palas GmbH

Palas GmbH

diverse

Aerosol

Properties

Dispersity Particle Properties Generator Type Manufacturer

Monodisperse

Polydisperse

Polydisperse

Polydisperse

Polydisperse

Polydisperse

mean dp = 0.2− 8 µm

mean dp = 0.25 µm

see table 2.4

see table 2.4

see table 2.4

see table 2.4

Sinclair La Mer

Two component nozzle

o.c.n.: Spray№1

o.c.n.: Spray№2

o.c.n.: Spray№3

o.c.n.: Spray№4

Palas GmbH

Palas GmbH

anonymised

anonymised

anonymised

anonymised

Simulation

Parameters

Breathing Mode Frequency (f) Tidal Volume (VT) Flow (qsa)

Sin mode 10, 12, 15, 18 bpm 400, 500, 600 ml see table 2.5

Measurement

Equipment

Application Physical Units Type Manufacturer

Flow

Flow

Flow

Flow

Pressure

CN

PSD

CN

PSD

l/min

l/min

l/min

l/min

hPa

P/cm3

µm

P/cm3

µm

PF300

4040

D30

BB50T

PF300

Promo 2000 + welas2070

Promo 2000 + welas2070

Promo 2000 + welas2200

Promo 2000 + welas2200

IMT medical

TSI

Thormed

PALL

IMT medical

Palas GmbH

Palas GmbH

Measurement

Parameters

Duration Repetitions
Expected

Reference Values
Source

2 min 2 see table 2.4 n.a.

Environmental

Conditions

Relative Humidity

(rH)

Temperature

(T )

Atmospheric Pressure

(P )

40− 55 %rH 22− 32 ℃ 900− 1050 hPa

Description

Steps of the

Procedure

1) Assemble full setup with both OAS at sampling points

2) Set both OAS to automatic mode for constant qs = 5 l/min

3) Set Psa and qsa of pneumatic supply to constant values

4) Turn input nozzle of ADB to defined value of ϕ

5) Acquire qu, qs, qe and qd from each connected measurement device

6) Measure 200 s reference background load of empty reservoir

7) Start breathing simulation of xPULM according to simulation parameters

8) Apply aerosol from generator according to defined time span

9) Close application valve to aerosol generator

10) Monitor CN in Aerosol Reservoir until value reaches reference background load

Combinations

(if applicable)

a) Repeat measurements for defined breathing frequencies

b) Repeat measurements for defined tidal volumes

c) Repeat measurements for both lung equivalents

d) Repeat measurements with changed frequency, tidal volume and lung equivalent for each aerosol
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Figure 2.32 – Schematic representation of the experimental setup for the measurement

protocol for the evaluation of the xPULM for aerosol respiration measurements. The setup

agrees with the protocol depicted in figure 2.31. The flows in and out of the ADB are measured

at the same points and with the same device configuration. In this case the aerosol generators

are connected to the input orifice of the aerosol chamber. Other than before, the xPULM takes

up the aerosol from the free supply stream over the T-piece and exhales the particles into the

same stream. These breathed particles are sampled and monitored by the Promo 2000 with a

welas 2200 sensor (Sb) at (2).

Table 2.6 summarises all measurements for the final evaluation of the xPULM

as active breathing lung simulator under application of multiple aerosols. The

corresponding setup, depicted in figure 2.32, includes all components including

aerosol generators, the xPULM with several lung equivalents and the aerosol dilution

box. The goal of the final measurements is to evaluate the applicability of the

xPULM during aerosol exposure. The system will have to in- and exhale the

produced aerosol under multiple physiological conditions with varying breathing

frequency, tidal volume and changing lung equivalents and simultaneously monitor

the number concentration and particle size distribution of the aerosol before and

after inhalation.
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The evaluation is based on the success factors characterising the single components

of the measurement setup as well as the performance of the composed setup. These

evaluation factors include:

xPULM

Reproducible breathing patterns are implemented

Use of different lung equivalents for breathing patterns is possible

Variation of breathing parameters is possible

Aerosol Production

Aerosols can be characterised by dispersity

Reproducible aerosol production is possible

Particle size distribution and number concentration can be evaluated

continuously

Aerosol Dilution

Dilution factor can be varied

Dilution factor can be set for constant and reproducible measurements

Number concentration before and after dilution can be measured

Influence of dilution system on particle size distribution is characterised

Aerosol Respiration

Aerosol can be applied continuously for in-/ exhalation using different lung

equivalents

Number concentration can be measured during breathing simulation

Particle size distribution can be measured during breathing simulation

2.11 Software and Further Materials

Data Acquisition and Analysis

The following software has been used for data acquisition, analysis and visualisation:
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MatLab

MathWorks MatLab R2018a (MathWorks Inc., 2018) was used for data

analysis, statistical evaluation and data visualisation.

PD Analyse

Palas PD Analyse v2.024 (Palas GmbH, 2018d) offers the possibility to read

out and analyse as well as export the data acquired by the optical aerosol

spectrometers. The data acquisition rate was chosen as the highest possible

one of 1 Hz.

FlowLab

IMT FlowLab v5.0.6 (IMT Analytics AG, 2018) was used to read out the

pressure and flow values acquired by the IMT PF300 flowmeter. The recording

interval of the software was set to 100 ms, leading to a sampling frequency of

10 Hz.

STrace

ThorSoft STrace (THOR Research & Development Europe, 2018) allows to

read out the raw data of the acquired flow of the D30 sensor of Thormed.

The LabView based software provides an Excel export tool, which was used

to prepare the data for further processing.

Excel

Microsoft Office 360 Excel was used as data export and preparation software.

3D Design and Prototyping

For 3D designing and rapid prototyping the following software and 3D printer were

used:

Fusion 360

Autodesk Fusion 360 (Autodesk Inc., 2018) was used for creating the design

and 3D print files of the ADB and the T piece as aerosol connector for the
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xPULM. Moreover, several connectors were created and measurement setup

components were illustrated and rendered with this software.

Cura

Ultimaker Cura 3.3.0 (Ultimaker B.V., 2018) was used for preparing the *.stl

files for 3D printing.

Prusa i3

Prusa i3 MK2 (Prusa Research s.r.o., 2018) was used as 3D printer for the

created prototypes included in this work. The printer was equipped with PLA

(polylactic acid) as printing material.

Inclusion in Study Programs for Teaching

The inclusion of the measurement setup and its components into study programs

shall be achieved by developing courses for undergraduate and postgraduate courses.

These courses have to allow the learning about theoretical background of lung

simulation, aerosol production and measurement and provide opportunities to

intensify the knowledge by practical applications. The basic procedures of scientific

research shall be effectively established as part of the curriculum of corresponding

study programs in order to allow students to orient on further scientific progress.

Evaluation factors for successful integration will be the numbers of students enrolled

in corresponding courses as well as the number of doctoral theses, connected to those

topics.

Preparation of Clinical Studies

The breathing patterns, currently implemented in the xPULM simulator, represent

simplified models. The patterns include sinusoidal breathing, in direct and in

controlled mode, as well as one controlled breathing pattern, based on a numerical

model.In order to provide a bigger variety and choice of more realistic breathing

patterns, medically annotated and diagnosed flow patterns are necessary. Therefore
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clinical studies are developed together with the pulmonology department of the

Centro Hospitalar de Tras-os-Montes e Alto Douro (CHTMAD). On the one hand

side these studies include a retrospective analysis of already existing spirometry

data of CHTMAD, which has to be medically annotated and grouped into the

main pathologies or defined to be physiological. On the other hand new data of

patients will be acquired according to the study protocol in order to access raw

data acquisition for flow pattern analysis. The retrospective study will take all

spirometry data into consideration, which is available at CHTMAD and will include

medical annotations and diagnoses. The prospective study will include subjects of all

genders and ages, except subject groups worth special protection, like children and

pregnant women. This study will align with clinical workflows and data management

procedures as well as the guidelines for good clinical practice and will therefore be

embedded into the routine processes. The standardised processes for spirometry,

as proposed by Miller at al. (Miller et al., 2005), will be used as guidelines. All

participants will be informed beforehand and may reject participation in the study.

All person related data will be protected by pseudonymisation.



3 Results

The results of this thesis cover the topics of evaluating the xPULM for the realised

breathing modes, the inclusion of the optical aerosol measurement system and the

combinational use of breathing simulation and application of several aerosols for two

different lung equivalents under multiple simulation parameters.

3.1 Characterisation of Devices & Components

The measurements for the characterisation of the included measurement devices for

flow and pressure drop, listed in Table 2.1 and graphically represented in figure 2.28,

led to the result that the included mechanical flow control valve cannot be used as

reference method to determine the supply air flow qSA as figure 3.1 shows, where

instead the calculated flow passing the PALL filter aligns with the IMT flow values

showing a maximum difference over all flow values of 1.14 l/min.

111
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Figure 3.1 – Calibration results for all

included flow measurement devices in reference

to the IMT PF300 (blue solid line), including

the TSI 4040 (red, dashed line), the rotameter

(orange, dash dotted line), the Thormed D30

(violet dotted line) and the calculated flow

through the PALL BB50T (green dotted line)

aligning with IMT values. The shown errorbars

include 3σ standard deviation.

Figure 3.2 – Calibration results for the

pressure drop ∆P over the included devices

in reference to the IMT flow values for the

IMT PF300 (blue solid line), the TSI 4040

(red dashed line), the Thormed D30 (violet

dash dotted line) and the PALL BB50T (green

dotted line). The shown errorbars include 3σ

standard deviation.

Flow and Pressure Calibrations

Figures 3.1 and 3.2 show that the measurement devices deliver similar results for

flow with a maximum difference of 34.38 l/min at a flow of 210 l/min. In the flow

region of 30−60 l/min, the measurement devices provide comparable high values for

their pressure drop. Based on these calibration measurements, the IMT PF300 is

used as reference flow measurement device. The correction of the given flow values

for the TSI 4040 and the Thormed D30 in reference to the IMT is performed by

determining the corresponding mathematical function using linear regression with

coefficients with 95% confidence bounds. The mean values of the performed flow

and pressure drop measurements include the results of 9 repetitions. The resulting

function of the TSI 4040 for flow correction is given in equation 3.1, showing the
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expected linear function.

qTSI = 0.8316 · x− 0.3355 (3.1)

The linear function, representing the measurement behaviour of the Thormed D30

is shown in equation 3.2

qThor = 0.9202 · x− 0.8236 (3.2)

The Thormed D30 sensor is built for the purpose of spirometry measurements. The

sensor delivers flow values in a narrow range in low and therefore physiological flow

values. As figure 3.3 shows, the measurement values at higher flows, 110 l/min as

exemplary high flow, increase in variance. At a flow of 30 l/min the sensor delivers

values in a range of +23.94 l/min to +31.32 l/min, whereas the measurements at

110 l/min provide data in the range of -19.62 l/min to +219.3 l/min.

Figure 3.3 – Measured flow values of the Thormed D30 at two steady flows – 30 l/min (blue

solid line) and 110 l/min (orange solid line)

The high noise ratio at high flows can be caused by a turbulent flow regime within

the measurement tube. Therefore this sensor has been included in the measurement
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setup at the connection of the lowest flows, the input nozzle of the ADB with the

undiluted aerosol flow qu.

Air Tightness

The generation of a negative pressure within the thoracic chamber of the xPULM is a

core condition for the simulation of the breathing patterns. In order to characterise

the properties of the chamber, air tightness measurements were performed. The

measurements were done for two settings, representing the most extreme situations.

On the one hand the sealed empty thoracic chamber was evacuated and the time

for pressure equilibration was characterised, as shown in figure 3.4. On the other

hand a primed porcine lung was mounted into the chamber, representing the typical

characteristics of tissue, including scars, holes and fissures, which occur during the

preparation process. The results of the air tightness measurements with a lung are

represented in figure 3.5 and show, that the equilibration time is shorter and the

chamber can only be evacuated to a level of -14 hPa.

The air tightness of the thoracic chamber was further characterised by the

determination of the time constants of all measured curves and settings, which are

summarised in table 3.1. Results show an increasing time constant τ with increasing

negative pressure within the chamber. Comparing the values for the empty chamber

with the setup including the porcine lung, reveals the shorter equilibration times

and therefore shorter τ . The calculated time constants also show a high variance.

The evaluation of the measured pressure equilibration curves in combination with

the calculated time constants, allow the deduction that the equilibration does not

correspond to a pure exponential function, as it would be expected. It can be

assumed that the pressure curves are therefore influenced by the setup of the system,

including multiple stenoses and leakages.

The values for τ in the empty chamber allow the interpretation of a linear behaviour

and increase corresponding with the increase of the negative pressure within the

chamber. In contrast, the measured results for τ including a porcine lung show non
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Figure 3.4 – Pressure values within the sealed

empty thoracic chamber after evacuation to the

defined pressure levels of -5, -10, -15, -20, -25

and -30 hPa and consecutive equilibration of the

pressure. At -30 hPa the maximum negative

pressure produced by the vacuum pump is

reached.

Figure 3.5 – Pressure values within the

thoracic chamber housing a porcine lung, after

evacuation to the defined pressure levels of -5,

-10 and -15 hPa and consecutive equilibration

of the pressure. The maximum reached

negative pressure with a porcine lung is -

14.56 hPa.

linear behaviour over the pressure settings.

Table 3.1 – Determined time constants τ for the pressure equilibration of the thoracic

chamber when empty and when housing a porcine lung
Time Constant τ of the Thoracic Chamber

Pressure P

[hPa]

τ Thoracic Chamber – empty

1 · 103 [ms]

τ Thoracic Chamber – pig lung

1 · 103 [ms]

-5 13.255 11.225

-10 12.139 12.474

-15 12.564 8.927

-20 14.737 n.a.

-25 15.534 n.a.

-30 18.707 n.a.
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3.2 Evaluation of Breathing Simulation & Lung

Equivalents

One of the three main objectives of this thesis is to confirm the functionality of

the used active lung simulator, xPULM. This confirmation has been performed

by testing and evaluating components of the setup as well as its capabilities as

actively breathing lung simulator. The active breathing was tested according to

the measurement protocol shown in table 2.2. This includes tests of the three

implemented breathing patterns Sin mode, based on a generated sinusoidal function,

PISin mode, based on a sinusoidal set function which is running in a control loop

using the included flow sensors as control variable, and PIBreath mode, which is

based on a mathematical function representing physiological breathing. Each of

these breathing patterns has been tested and evaluated using two different lung

equivalents. On the one hand side two 3 l Latex bags were included as simplified

lung equivalent. On the other hand a primed porcine lung, salvaged from the

slaughtering process has been used, representing a more realistic anatomic situation.

As standalone system, the lung simulator xPULM is capable of simulating a

breathing lung. The basic behaviour of in- and exhalation processes can be simulated

under various conditions and effects on the lung during breathing or ventilation can

be tested, including a collapsing lung and pathological organ conditions, if a porcine

lung is used. The simulation options include variability of breathing frequency and

tidal volume.

Breathing Patterns

The process of evaluation of the included breathing patterns is based on the

measurement protocol, shown in table 2.2. The shape and flow of each breathing

cycle is analysed by isolating the individual cycles from the raw data. The raw

data is preprocessed only by cutting starting points and endpoints of the entire

measurement in order to provide correct cycle isolation steps. Isolated breathing
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cycles are bundled and shown as raw data, whereas the mean flow of each simulation

setting with its standard deviation is based on the sum interpolated breathing cycles

in order to allow time normalisation.

Sin Mode

Testing and evaluation of the Sin mode breathing pattern includes 20 measurement

cycles representing six tidal volumes at four breathing frequencies, performed

for two sets. Data of the same simulation parameters have been analysed and

evaluated together as one large data set. Breathing cycles have been isolated and

evaluated under the terms of reproducibility. Mean breathing cycles, as well as

standard deviation including 3σ have been calculated based on interpolated and

time normalised data sets. The standard deviation of the isolated breathing cycles

has been included, because the focus is put on the variation of all breathing signals

and not on the precision of the mean value.

Figure 3.6 shows the measured flow curves on top of the connected trachea and the

corresponding pressure values within the thoracic chamber for a breathing frequency

of 10 bpm using the latex bags. The comparison of the pressure signal seen in figure

3.7, which represents the same breathing frequency but includes the porcine lung

as lung equivalent, shows a higher signal to noise ratio due to the higher negative

pressure values needed for inflating the porcine lung.

The aerosol deposition measurements, shown in detail in chapter 3.5, are performed

under the breathing simulation setting covering a breathing frequency of 15 bpm

and a tidal volume of 500 ml, which represents physiological breathing conditions.

Figure 3.8 shows the isolated breathing cycles for this simulation setting using two 3 l

latex bags as lung equivalent, as well as the time normalised mean breathing cycle.

The results for the breathing simulation using the porcine lung under equivalent

simulation settings are shown in figure 3.9. Table 3.2 summarises the results of the

evaluation measurements for Sin mode breathing. The corresponding graphs of all

measurement settings are depicted in the Appendix in section A.1.



118 CHAPTER 3. RESULTS

A B

Figure 3.6 – Latex – Sin mode: Exemplary breathing cycles at a breathing frequency of

10 bpm showing (A) flow curves during in- and exhalation and (B) the corresponding pressure

values within the thoracic chamber

A B

Figure 3.7 – Porcine lung – Sin mode: Exemplary breathing cycles at a breathing frequency

of 10 bpm showing (A) flow curves during in- and exhalation and (B) the corresponding pressure

values within the thoracic chamber
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Figure 3.8 – Latex – Sin mode: Isolated breathing cycles at a breathing frequency of 15 bpm

with a tidal volume VT = 500 ml and the corresponding time normalised mean breathing cycle

including standard deviation with 3σ

Figure 3.9 – Porcine lung – Sin mode: Isolated breathing cycles at a breathing frequency

of 15 bpm with a tidal volume VT = 500 ml and the corresponding time normalised mean

breathing cycle including standard deviation with 3σ
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Table 3.2 – Overview of the evaluation measurements of Sin mode breathing for all

tested frequencies and corresponding tidal volumes including number of analysed cycles, max.

standard deviation, max. inspiratory and expiratory peak flow
Sin Mode

Breathing

frequencies

[bpm]

Tidal

volumes

[ml]

Analysed

breathing

cycles

Mean peak

inspiratory

flow [l/min]

Mean peak

expiratory

flow [l/min]

Maximum

|σ| from

mean flow [l/min]

Latex

f = 10

VT = 400

VT = 450

VT = 500

VT = 550

VT = 600

91

73

76

74

82

12.28

12.79

13.94

15.18

16.21

-12.61

-13.45

-14.89

-16.07

-17.00

0.68

1.60

0.59

0.66

0.63

f = 12

VT = 400

VT = 450

VT = 500

VT = 550

VT = 600

93

91

93

97

92

13.83

15.27

16.42

17.74

18.82

-14.57

-16.30

-17.34

-18.73

-19.85

0.66

0.97

0.55

0.73

1.15

f = 15

VT = 400

VT = 450

VT = 500

VT = 550

VT = 600

152

115

114

122

117

16.11

17.14

18.25

20.30

21.58

-17.08

-18.03

-19.23

-21.44

-22.70

0.90

2.30

4.14

0.65

1.11

f = 18

VT = 400

VT = 450

VT = 500

VT = 550

VT = 600

138

138

140

138

138

18.19

19.80

21.38

22.73

23.91

-18.82

-20.59

-22.12

-23.46

-24.57

0.80

0.74

0.78

1.17

1.24

Porcine Lung

f = 10

VT = 400

VT = 450

VT = 500

VT = 550

VT = 600

81

76

76

76

78

22.13

24.19

25.53

29.41

32.43

-13.52

-16.55

-17.90

-19.78

-21.17

2.70

3.14

3.84

6.11

6.42

f = 12

VT = 400

VT = 450

VT = 500

VT = 550

VT = 600

93

89

97

96

94

24.51

27.23

30.76

34.14

37.40

-17.54

-19.56

-21.40

-22.89

-24.31

2.39

1.41

2.04

1.89

3.43

f = 15

VT = 400

VT = 450

VT = 500

VT = 550

VT = 600

117

120

112

120

118

26.65

30.52

32.75

36.89

39.22

-19.45

-21.46

-22.86

-24.77

-26.65

0.73

0.89

1.58

1.13

1.78

f = 18

VT = 400

VT = 450

VT = 500

VT = 550

VT = 600

144

142

140

145

147

29.35

33.51

36.82

39.68

42.72

-21.36

-23.41

-24.99

-28.58

-32.43

1.49

2.52

3.56

1.35

1.56
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The results for the evaluation of the breathing simulation using the Sin mode show

a high degree of reproducibility. The maximum deviation of |σ| from the mean flow

values for the latex bags is 4.14 l/min at a breathing frequency of 15 bpm and a tidal

volume of 500 ml. The mean maximum deviation over all settings and cycles for

the latex bags is 1.10 l/min over a total of 2174 analysed breathing cycles. For the

use of the porcine lung as organ equivalent the maximum deviation of |σ| from the

mean flow values is 6.42 l/min at f = 10 bpm and a tidal volume of 600 ml. In total

2161 breathing cycles have been analysed and show a mean maximum deviation of

2.50 l/min.

PISin Mode

Testing and evaluation of the PISin mode breathing pattern includes 20

measurement cycles representing six tidal volumes at four breathing frequencies.

Data of the same simulation parameters have been analysed and evaluated together.

Breathing cycles have been isolated and evaluated under the terms of reproducibility.

Mean breathing cycles, as well as standard deviation including 3σ for latex bags and

σ for porcine lung, have been calculated based on interpolated and time normalised

data sets. As in the case of the Sin mode breathing, the signal to noise ratio of the

pressure values during simulation, depicted in figure 3.10 for latex bags and in figure

3.11 for the porcine lung, is lower during the use of the latex bags, due to the lower

pressure range.

Figure 3.12 shows the isolated breathing cycles for this simulation setting using two

3 l latex bags as lung equivalent, as well as the time normalised mean breathing cycle.

The results for the breathing simulation using the porcine lung under equivalent

simulation settings are shown in figure 3.13. Table 3.3 summarises the results of the

evaluation measurements for PI Sin mode breathing. The corresponding graphs of

all measurement settings are depicted in the Appendix in section A.1.
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A B

Figure 3.10 – Latex – PISin mode: Exemplary breathing cycles at a breathing frequency of

15 bpm showing (A) flow curves during in- and exhalation and (B) the corresponding pressure

values within the thoracic chamber

A B

Figure 3.11 – Porcine lung – PISin mode: Exemplary breathing cycles at a breathing

frequency of 15 bpm showing (A) flow curves during in- and exhalation and (B) the

corresponding pressure values within the thoracic chamber
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Table 3.3 – Overview of the evaluation measurements of PI Sin mode breathing for all

tested frequencies and corresponding tidal volumes including number of analysed cycles, max.

standard deviation, max. inspiratory and expiratory peak flow
PI Sin Mode

Breathing

frequencies

[bpm]

Tidal

volumes

[ml]

Analysed

breathing

cycles

Mean peak

inspiratory

flow [l/min]

Mean peak

expiratory

flow [l/min]

Maximum

|σ| from

mean flow [l/min]

Latex

f = 10

VT = 400

VT = 450

VT = 500

VT = 550

VT = 600

6

7

4

6

6

12.96

13.67

14.34

16.39

12.34

-12.98

-13.50

-14.31

-16.52

-12.19

6.47

2.00

3.41

4.19

10.34

f = 12

VT = 400

VT = 450

VT = 500

VT = 550

VT = 600

4

8

10

50

96

14.78

16.58

18.20

19.87

21.22

-14.86

-16.47

-18.18

-19.79

-21.06

9.12

0.70

0.99

3.16

5.76

f = 15

VT = 400

VT = 450

VT = 500

VT = 550

VT = 600

120

119

120

121

120

17.30

19.31

21.14

22.66

24.28

-17.10

-19.34

-21.11

-22.64

-24.26

4.64

0.75

3.30

1.26

2.37

f = 18

VT = 400

VT = 450

VT = 500

VT = 550

VT = 600

145

142

142

142

140

20.38

22.41

24.25

26.42

28.96

-20.28

-22.33

-24.18

-26.15

-28.75

0.74

1.60

1.33

1.27

1.69

Porcine Lung

f = 10

VT = 400

VT = 450

VT = 500

VT = 550

VT = 600

3

3

3

3

3

8.86

9.23

10.77

11.84

12.87

-16.72

-17.08

-19.07

-19.98

-21.17

3.59

5.86

5.41

7.89

9.27

f = 12

VT = 400

VT = 450

VT = 500

VT = 550

VT = 600

4

3

4

3

4

10.93

17.20

13.59

14.56

16.35

-18.22

-18.41

-20.51

-21.57

-20.24

6.36

15.73

8.63

9.68

11.67

f = 15

VT = 400

VT = 450

VT = 500

VT = 550

VT = 600

5

4

4

4

4

15.48

16.84

17.82

19.01

20.77

-20.55

-21.67

-22.69

-23.39

-24.34

7.84

7.64

8.72

10.08

11.98

f = 18

VT = 400

VT = 450

VT = 500

VT = 550

VT = 600

5

5

5

4

4

18.53

21.14

23.38

24.31

27.52

-24.78

-26.15

-26.99

-31.41

-33.63

3.98

6.23

9.45

4.00

5.47
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Figure 3.12 – Latex – PISin mode: Isolated breathing cycles at a breathing frequency

of 15 bpm with a tidal volume VT = 500 ml and the corresponding time normalised mean

breathing cycle including standard deviation with 3σ

Figure 3.13 – Porcine lung – PISin mode: Isolated breathing cycles at a breathing frequency

of 15 bpm with a tidal volume VT = 500 ml and the corresponding time normalised mean

breathing cycle including the standard deviation σ
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The evaluation measurements for the controlled PI Sin mode show good

reproducibility. The evaluation for the breathing mode using latex bags is based on

a total number of 1508 analysed breathing cycles with a mean maximum deviation

of |σ| from the mean flow of 3.25 l/min. The maximum deviation for the used latex

bags occurred at the breathing frequency of 10 bpm and a tidal volume of 600 ml

with a value of 10.34 l/min. The used porcine lung was evaluated only on the basis

of 77 analysed breathing cycles with a mean maximum deviation from the mean

flow of 7.98 l/min. The maximum deviation was identified at f = 12 and a tidal

volume of 450 ml with a value of 15.73 l/min.

PIBreath Mode

Testing and evaluation of the PIBreath mode breathing pattern includes 5

measurement cycles representing five tidal volumes at a steady breathing frequency,

performed for two sets. Data of the same simulation parameters have been analysed

and evaluated together as one large data set. Breathing cycles have been isolated

and evaluated under the terms of reproducibility. Mean breathing cycles, as well

as standard deviation σ have been calculated for both lung equivalents based on

interpolated and time normalised data sets.

Figure 3.14 shows the measured flows and the corresponding pressure values in

the thoracic chamber during PIBreath mode using latex bags, whereas figure 3.15

represents the measurements for the same settings using the primed porcine lung.

Figure 3.16 shows the isolated breathing cycles for this simulation setting using two

3 l latex bags as lung equivalent, as well as the time normalised mean breathing cycle.

The results for the breathing simulation using the porcine lung under equivalent

simulation settings are shown in figure 3.17. Table 3.4 summarises the results of the

evaluation measurements for PI Breath mode breathing. The corresponding graphs

of all measurement settings are depicted in the Appendix in section A.1.

The results of the second controlled breathing mode, the PI Breath mode, are based

on the used manipulation factor x. This factor is used to influence the tidal volume

produced by the simulator as a constant. Therefore the results shown in table 3.4
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A B

Figure 3.14 – Latex – PIBreath mode: Exemplary breathing cycles showing (A) flow

curves during in- and exhalation and (B) the corresponding pressure values within the thoracic

chamber

A B

Figure 3.15 – Porcine lung – PIBreath mode: Exemplary breathing cycles showing (A) flow

curves during in- and exhalation and (B) the corresponding pressure values within the thoracic

chamber
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Figure 3.16 – Latex – PIBreath mode: Isolated breathing cycles at a predefined breathing

frequency with a tidal volume VT = 490 ml and the corresponding time normalised mean

breathing cycle including standard deviation σ

Figure 3.17 – Porcine lung – PIBreath mode: Isolated breathing cycles at a predefined

breathing frequency with a tidal volume VT = 490 ml and the corresponding time normalised

mean breathing cycle including the standard deviation σ
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are listed according to the used values of x. The evaluation results for the used latex

bags are based on a total number of 282 analysed breathing cycles, which show a

mean maximum deviation of |σ| from the mean flow of 5.33 l/min. The maximum

deviation from the mean flow was reached at a corresponding tidal volume of 800 ml

and is 7.55 l/min. The used porcine lung was evaluated on the basis of 20 breathing

cycles. The maximum deviation from the mean flow, 17.46 l/min, occurred at the

setting fro a tidal volume of 710 ml. Overall the evaluation results for PI Breath

mode show a higher variability.

Table 3.4 – Overview of the evaluation measurements of PI Breath mode breathing for

all tested manipulation factors and corresponding tidal volumes including number of analysed

cycles, max. standard deviation, max. inspiratory and expiratory peak flow
PI Breath Mode

Manipulation

factor (x)

Tidal

volumes

[ml]

Analysed

breathing

cycles

Mean peak

inspiratory

flow [l/min]

Mean peak

expiratory

flow [l/min]

Maximum

|σ| from

mean flow [l/min]

Latex

x = 2.0 VT = 400 57 27.41 -27.55 6.33

x = 1.75 VT = 490 57 32.66 -32.53 4.49

x = 1.5 VT = 600 59 44.83 -45.43 4.85

x = 1.25 VT = 710 60 38.05 -38.52 3.45

x = 1.0 VT = 800 49 56.23 -55.99 7.55

Porcine Lung

x = 2.0 VT = 400 5 25.43 -24.66 12.26

x = 1.75 VT = 490 4 32.17 -30.08 10.67

x = 1.5 VT = 600 4 37.62 -34.04 13.31

x = 1.25 VT = 710 4 42.82 -40.21 17.46

x = 1.0 VT = 800 3 54.91 -58.07 9.19

Overall, all breathing modes show a non linear behaviour of the maximum |σ| from

the mean flow over the different simulated tidal volumes and singular outliers, which

can be seen in tables 3.2 for Sin mode, 3.3 for PI Sin mode and 3.4 for PI Breath

mode.
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Lung Equivalents

The two included lung equivalents represent the two approaches of lung simulation.

The latex bags represent the simplified approach as they have no internal structure

and limited elastic recoil due to their material properties and the lacking thoracic

components, which are usually included in the exhalation processes. The exhalation

process is therefore impaired, compared to physiological conditions. In contrast,

the latex bags provide a defined maximum volume due to their size allowing better

comparability.

Figure 3.18 – Lung protective ventilation of the latex bags with an IMT Bellavista medical

ventilator in order to acquire information about the compliance of this lung equivalent

Figure 3.19 – Lung protective ventilation of the primed porcine lung with an IMT Bellavista

medical ventilator including recruitment maneuvers according to (Cypel et al., 2008) before

simulation cycles were started in order to improve lung status

Figure 3.18 shows the method for acquiring information about the compliance

of the lung equivalent. The latex bags are charcterised by a static compliance
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of 44 ml/cmH2O during volume controlled mandatory ventilation at a breathing

frequency of 12 bpm, an inspiratory tidal volume of 528 ml and a set positive end-

expiratory pressure (PEEP) of 5 cmH2O.

The primed porcine lung represent the more realistic approach. They include

the internal structure of the typical organ and provide more realistic elastic recoil

properties, influencing the breathing behaviour during simulation. The porcine lungs

do not have a predefined maximum volume and their condition is depending on the

extraction process during the meat production. As the lung tissue collapses and

atelectasis may develop under atmospheric pressure, recruitment maneuvers have

been performed to improve the status of the tissue for simulation purposes, as figure

3.19 shows.

The performed recruitment maneuvers for the porcine lung were based on the

EVLP aligned processes during lung protective ventilation, as described by Cypel

et al. (Cypel et al., 2008). The measured static compliance of the used primed

porcine lung was 22 ml/cmH2O during volume controlled mandatory ventilation

at a breathing frequency of 12 bpm, an inspiratory tidal volume of 538 ml and a

set positive end-expiratory pressure (PEEP) of 5 cmH2O. Based on the description

of typical compliance values of Haenel and Johnson (Haenel and Johnson, 2011),

compliance values in the range of 20 to 40 cmH2O are present during advanced

acute respiratory distress syndrome and atelectasis.

The performed measurements and recruitment maneuvers with the medical

ventilator where performed under the same conditions and connections. As figure

3.18 and 3.19 also show, the leakage of the system differed. The measurement setup

connected to the latex bags was characterised by a leakage flow of 3 l/min, whereas

the connected porcine lung resulted in a leakage flow of 7 l/min.

3.3 Assessment of Aerosol Production Systems

The used aerosol generators have been evaluated, based on the processes listed in

table 2.4 and graphically represented in figure 2.30. The generators were connected
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to the aerosol reservoir. The included OAS was directly connected to the reservoir

and acquired data about the background level of particles as well as produced

aerosol. An overview of the results of the aerosol characterisation measurements

is given in table 3.5. The overview shows that, based on the aerosol categorisation

by Ruzer and Harley (Ruzer and Harley, 2012), all produced and analysed aerosols

range within the size range of fine particles, where only two aerosols are also covered

by the definition of coarse aerosols. Moreover, all produced particles are within the

range of the so called thoracic (able to reach the thorax) and respirable particles

(able to reach the alveoli).

Monodisperse Particles – Sinclair La Mer

Generator

The used Sinclair La Mer based aerosol generator, the MAG 3000, should provide

particles with a mean particle diameter dp u 1 µm at a heating temperature of

the saturator of 160 ℃. The reheater temperature was set to 300 ℃. The N2 supply

pressure was kept at 300 kPa. NaCl was used as particle core suspension and DEHS

as aerosol substance. Both bypass valves were kept closed. The reservoir was filled

by the aerosol generator until the maximum concentration has been reached. The

connection to the generator was then closed and the aerosol concentration within

the reservoir was measured until the background load was reached again.

Figure 3.20 shows, that the generator produces steady number concentrations, where

the maximum number concentration produced of the generator CN = 7.622 · 105.

Corresponding to the steady production process the AGF produces particles of a

mean particle diameter of dp = 0.255 µm (shown in figure 3.21) with a broad particle

size distribution over the analysed 31.22 · 106 particles in total. This PSD does not

correspond with the expected result for a monodisperse aerosol generator. The mean

particle diameter of the produced aerosols does not correspond with the reference

values.
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Figure 3.20 – Measured produced number concentration CN of the MAG 3000 of one

measurement cycle

Figure 3.21 – Particle number distribution over particle diameter of the MAG 3000 over all

analysed particles
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Polydisperse Particles – Two Component Nozzle

The included two component nozzle based aerosol generator, the AGF 2.0, should

provide particles with a mean particle diameter dp = 0.25 µm (Palas GmbH, 2018c).

The reservoir was filled for two minutes by the aerosol generator. The connection

to the generator was then closed and the aerosol concentration within the reservoir

was measured until the background load was reached again. The measurement cycle

was repeated 4 times.

Figure 3.22 shows, that the generator produces steady number concentrations, as

Figure 3.22 – Mean (n=4) produced number concentration CN of the AGF 2.0 including

standard deviation σ as shaded errorbar

the standard deviation lies at σ = 6.6 · 104, where the mean maximum number

concentration produced of the generator CN = 1.07 · 106.

Corresponding to the steady production process the AGF produces particles of a

mean particle diameter of dp = 0.36 µm (shown in figure 3.23) with a narrow particle

size distribution over the analysed 43.63 · 106 particles in total.
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Figure 3.23 – Particle number distribution over particle diameter of the AGF 2.0 over all

analysed particles

Polydisperse Particles – One Component Nozzle

All included one component nozzle systems within the measurement setup, are based

on pressurised gas spray cans. All aerosols have topical application as intended use.

Figure 3.24 shows the produced number concentration of Spray №1. This aerosol

mainly consists of liquid particles. The reached maximum concentration of this spray

is 5.47 · 105 with a standard deviation of σ = 3.83 · 104. The measurements show a

high variance of produced particle concentrations over all measurement cycles.

The mean particle size distribution (PSD) of foot infections protective spray shows

a mean particle diameter dp of 0.39 µm, shown in figure 3.25. The PSD, calculated

on a total of 7.4 · 106 analysed particles, is moreover characterised by a broad range

up to a dp of 2 µm.

Spray №2 mainly consists of solid particles, including sodium salt and metallic silver

particles. The produced number concentration of this spray, shown in figure 3.26,

shows a maximum concentration of CN = 6.88 · 104 and a standard deviation of

σ = 4.99 · 103.

Figure 3.27 shows the mean particle size distribution. The results show a main dp
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Figure 3.24 – Mean (n=2) produced number concentration CN of the foot infections

protective (Spray №1) spray including standard deviation σ as shaded errorbar

Figure 3.25 – Particle number distribution over particle diameter of Spray №1 over all

analysed particles
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Figure 3.26 – Mean (n=2) produced number concentration CN of the silver spray powder

(Spray №2) including standard deviation σ as shaded errorbar

Figure 3.27 – Particle number distribution over particle diameter of the silver spray powder

over all analysed particles
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of 0.34 µm and a second peak at dp = 4 µm. The results therefore concord with the

composition of the spray, including several types of solid particles. The PSD was

calculated based on a total of 4.4 · 105 analysed particles.

Figure 3.28 – Mean (n=2) produced number concentration CN of the micro talc spray

(Spray №3) including standard deviation σ as shaded errorbar

Figure 3.29 – Particle number distribution over particle diameter of Spray №3 over all

analysed particles
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Based on the information of the manufacturer, Spray №3 mainly consists of

microparticles of Magnesiumsilicathydrate, also known as talc. The results of the

number concentration measurements show a produced maximum concentration of

1.1 ·106 particles/cm3 with a standard deviation of σ = 3.6 ·104. These measurement

data are depicted in figure 3.28.

Concording to the claimed components and based on the reproducible aerosol

generation, the mean particle size distribution of the micro talc spray, depicted in

figure 3.29, is characterised by a narrow range and shows a produced mean diameter

of dp = 0.36 µm, based on a total number of 25.8 · 106 particles.

Figure 3.30 – Mean (n=2) produced number concentration CN of the insect repellent spray

(Spray №4) including standard deviation σ as shaded errorbar

Spray №4 produces a droplets based aerosol. The measurements of the produced

number concentration, shown in figure 3.30, show a mean maximum concentration

of CN = 9.58 · 104 particles/cm3. The mean standard deviation is σ = 1.53 · 104

representing approximately 15% of the mean produced concentration. The analysis

of the particle size distribution of Spray №4, depicted in figure 3.31, shows a mean
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Figure 3.31 – Particle number distribution over particle diameter of the insect repellent

spray over all analysed particles

dp of 0.42 µm and a broad distribution including a high amount of particles with

a mean diameter up to dp of 3 µm. These results are based on a total of 5.7 · 105

analysed particles.

Table 3.5 – Overview of the results of the aerosol characterisation including dispersity,

minimum and maximum particle diameter and mean maximum produced number concentration

(Legend: o.c.n. – one component nozzle; t.c.n. – two component nozzle)
Results of Aerosol Characterisation Measurements

Aerosol

Generator

Generator

Type

max. CN

[particles/cm3]

min. dp

[µm]

max. dp

[µm]
Polydisperse Monodisperse

MAG 3000 Sinclair La Mer 7.62 · 105 0.18 1.9 yes no

AGF 2.0 T. C. N. 1.07 · 106 0.2 3.0 yes no

Spray№1 O. C. N. 5.47 · 105 0.22 4.0 yes no

Spray№2 O. C. N. 6.88 · 104 0.23 17.0 yes no

Spray№3 O. C. N. 1.1 · 106 0.22 3.0 yes no

Spray№4 O. C. N. 9.58 · 104 0.22 9.0 yes no

3.4 Characterisation of Aerosol Dilution System

The realised Aerosol Dilution Box (ADB) is based on the ejector principle. The

box, shown in figure 3.32, has been designed for low-budget 3D printing and was

produced using PLA (polylactic acid). The input nozzle was redesigned to allow



140 CHAPTER 3. RESULTS

adjustment of the dilution factor kv by changing the geometrical properties within

the system at the annular gap. The produced prototype was tested, evaluated and

included in the aerosol measurement setups of this work.

ADB – Prototype

As figure 3.32 shows the realised 3D printed prototype of the ADB geometrically

corresponds to the planned CAD version. The realised ADB includes an input

nozzle, labeled (a) in figure 3.32, for the uptake of the undiluted aerosol and a

directly connected supply air connection (b). The mixed aerosol is moved towards

the output area of the ADB, where the diluted aerosol is propelled to the isoaxially

positioned output nozzle (c) and the rest is deviated to the exhaust (d). The inner

construction of the reliased version of the ADB is depicted in figure 3.34.

A B

a

b

c

d

Figure 3.32 – (A) Rendered CAD drawing of the Aerosol Dilution Box from the top right

view as developed for the experimental setup and (B) realised 3D printed prototype of the

ADB

In order to proof the functionality of the ADB, a simplified test setup was realised,

where the input nozzle was fed with paper particles of an approximate size of 2 ×
2 mm. Figure 3.33 shows the result of this simplified proof of concept tests. The test

revealed the intended behaviour of the ADB, where the most paper particles where

transported to the exhaust outlet, marked (C) in the figure, and a smaller amount

of particles was directed towards the output nozzle, labeled D in figure 3.33.

Based on this successful proof of concept, the ADB was tested and evaluated on
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Figure 3.33 – Results of the first proof of concept measurements for the Aerosol Dilution

Box (ADB) using paper particles with an approximate size of 2 × 2 mm. The particles were

sucked into the ADB at the inlet nozzle (A), driven by the dilution gas connected at (B). The

major part of the transported particles where separated from the direct air stream and left the

ADB at the exhaust (C), whereas a smaller amount left the ADB at the outlet nozzle (D), as

intended

its repeatability and performance. As the input nozzle was realised as adjustable

connector with a BSP (British Standard Pipe) thread of 3/8 inch, the optimal nozzle

position had to be determined for the identification of the available dilution factor

and for the inclusion of the ADB in the measurement setups. The standard defines

the thread pitch for the produced input nozzle as 1.337 mm, which means that a

10 ° turning represents an axial displacement of the nozzle and therefore enlargement

of the annular gap by 0.037 mm.

ADB – Dilution Factor

The verification of the ADB and determination of the dilution factor was performed

with the setup schematically depicted in figure 2.31, which is described and listed

in table 2.5. Due to the threaded input nozzle, the dilution factor can be varied.
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Pressurised Air Connector

Inlet Nozzle

Annular GapThreaded Nozzle

Mixing Chamber

Exhaust

Outlet Nozzle

Figure 3.34 – CAD rendered view on the inner setup of the ADB, realised including the

threaded input nozzle

Therefore kv had to be determined at all possible positions. The dilution factor of

the Aerosol Dilution Box can be determined via two calculation methods, according

to the VDI standard 3491 (Verein Deutscher Ingenieure, 1996).

kv =
Cu

Cd

=
qu + qsa

qu

(3.3)

The dilution factor kv can be calculated based on the ratio of the supply air flow

qsa and the flow of the undiluted aerosol qu, or as ratio of the concentration of

the aerosol before and after the dilution system, as equation 3.3 shows. Using this

equation and the results of the proof of concept measurements, depicted in figure

3.35, the geometric dilution factor is kv = 8.06.

Figure 3.35 shows the measured flow values at the four entry and output points of

the ADB for each 10 ° turning steps of the input nozzle starting at 10 ° and ending

at 360 °.

As the measurements show, the maximum uptake flow at the input nozzle for the

undiluted aerosol, is reached at ϕ = 140 ° turning position, representing an annular

gap of 0.519 mm. At this position the input flow qu = 27.58 l/min relates to an

output flow qd = 55.8 l/min. The measurements moreover show that qu is negative
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Figure 3.35 – Flow values for the ADB proof of concept measurements and identification

of the ideal input nozzle position for the maximum uptake of undiluted aerosol (qu) at a given

supply air flow (qsa), resulting in the two outbound flows of the diluted aerosol flow (qd) and

the exhaust flow (qe)

within the range of 10 ° and 40 °for ϕ, as well as between 230 ° and 360 °, which

means that the supply air is blown out of the input nozzle and no aerosol is sucked

into the mixing chamber. This leaves a working range of the input nozzle position

ϕ between 50 ° and 220 °, corresponding to a flow range of qu between 0.96 l/min

and 27.58 l/min. The supply air flow qsa stayed within the range of 185.8 l/min and

195.9 l/min over all measurement cycles.

The second calculation method for the determination of the dilution factor is based
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on the ratio between the number concentration of undiluted and diluted aerosol.

Figure 3.36 shows the results of the evaluation measurements of the ADB using the

AGF 2.0 generator and DEHS as particle material and the input nozzle position

of 140 °. The OAS were positioned before and after the ADB. The welas 2070 was

connected to the aerosol reservoir and the welas 2200 to the output nozzle of the

ADB. The number concentration was observed continuously at both measurement

points. The sampling frequency was 1 Hz and the measurement duration was

determined by the concentration level within the reservoir.

Figure 3.36 – Number concentration CN for the undiluted aerosol within the aerosol reservoir

(blue solid line) and for the diluted aerosol after the ADB (orange dashed line). Left graph in

original scale; Right graph at normalised scale

Figure 3.38 depicts the correlation of the logarithm of the number concentration

within the sample range after reaching CNmax. Linear regression of these data lead

to the slope coefficient of x = 1.127. This leads to the result, that the behaviour

of undiluted to diluted number concentration shows good correlation and a clear

dependency, but is not entirely linear. The deviation from a strictly linear function

correlates to the changing kv over time. It can be deducted, that the ADB is

continuously diluting under steady conditions.

As figure 3.36 shows, the maximum number concentration within the aerosol

reservoir was reached at 1.14 · 106 P/cm3, whereas the maximum number

concentration after the dilution was reached at 7.01 · 104 P/cm3. The characteristic
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Figure 3.37 – Pointwise calculated dilution factor kv as ratio between undiluted and diluted

aerosol number concentration over all samples (left graph) and within the range of samples

271 − 603, representing the decay after the maximum number concentration CNmax. (right

graph)

Figure 3.38 – Verification of the quasi linear correlation between the number concentrations

of undiluted an diluted within the range of samples 271 − 603, representing the decay after

the maximum number concentration CNmax., in double logarithmic representation
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exponential-like decay of the particle concentration under stirred condition is reached

with the maximum concentration, as the measurements have shown. Based on these

results, the dilution factor was determined by pointwise calculation of the ratio

between undiluted and diluted aerosol over time. The corresponding function of

kv is depicted in figure 3.37. The stable relation between undiluted and diluted

aerosol can be seen in the corresponding decay period after the maximum number

concentration, CNmax., was reached, where the dilution factor can be characterised

as a quasi linear function. The drop of kv at the end correlates to the short increase

of the measured number concentration of the diluted aerosol during samples 617 and

704.

Figure 3.39 – Frequency of occurrence of

the measured dilution factors kv in bins of 0.8

width, showing 2 maxima and a kv = 8.01 −
8.81 with the highest frequency of occurrence

of 102 over all acquired samples.

Figure 3.40 – Frequency of occurrence of

the measured dilution factors kv in bins of 0.2

width, showing kv = 8.40 − 8.60 with the

highest frequency of occurrence of 37 within

the range of samples 271 − 603, representing

the decay after CNmax.

Based on the analysis of the number concentration over time and the determination

of the pointwise dilution factor, the kv was determined by identifying the frequency

of occurrence, as figure 3.39 shows. The result leads to kv = 8.01 − 8.81 with a

frequency of occurrence of 102 taking all acquired samples into account. Figure

3.40 shows the frequency of occurrence of kv = 8.40 − 8.61 with 37 within the

sample range, representing the linear decay of CN. These results correspond to
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the calculation of kv = 8.06 based on the measured flows and proof the overall

functionality and performance of the developed ADB. As a result the ADB was

used in the further measurement setups with a nozzle position of 140 ° and a supply

air flow of 195 l/min.

3.5 Determination of Particle Deposition

The proof of functional integration of an optical aerosol spectrometer system into the

measurement setup was realised by measuring the in- and exhalation of the produced

particles in a 1 min time frame during three frequencies and three corresponding

tidal volumes. The aerosol used for this measurement series is the polydisperse

DEHS based aerosol, produced by the AGF 2.0 generator. The xPULM simulator

was initialised to start the inhalation process, as soon as the maximum number

concentration was reached within the aerosol reservoir.

Additionally to the proof of functional integration, example measurements with the

MAG 3000 and four commercially available sprays have been performed. These

measurements were realised using a breathing frequency of 15 bpm and a tidal

volume of 500 ml, representing physiological breathing at rest. All measurements

have been performed using both lung equivalents, latex bags and the primed porcine

lung.

All measurements with aerosols during breathing simulations have been performed

during Sin mode breathing. This uncontrolled breathing simulation, offers the

possibility to leave out the flow sensors, which would restrict the particle flow and

interfere with the aerosol transport. A sinusoidal breathing pattern is defined to

fulfill the requirements of the intended measurements of this work.

Artificial Lung Equivalent

AGF – DEHS Aerosol

The performed measurements include the polydisperse DEHS based aerosol. The
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measurements have been performed as described in table 2.6. Tables 3.6, 3.7 and 3.8

show the summary of the results over all measurement cycles including mean values

for in- exhalation and the difference using latex bags as lung equivalents. Figure

3.41 shows the number concentration CN over the entire measurement cycle and a

representative 1 min sample with 15 breathing cycles at a tidal volume of 500 ml.

The breathing simulation was started at sample number 503, which is represented by

the start of the oscillations in the represented graph. During the continuous decay

of the number concentration, the ADB showed a higher inflow for several seconds,

which caused the step function shaped increase of CN. This switching flow velocities

and the corresponding changes in the number concentration are also visible during

the measurements depicted in figure 3.42 and 3.47.

The mean number concentration during inhalation is 19732 P/cm3, whereas the

mean CN during exhalation is 9530.20 P/cm3. The mean difference, representing

the deposition in the latex bags, lies at 12065.70 P/cm3 with a standard deviation

of σ = 4412.16 P/cm3.

Figure 3.41 – AGF – Latex: Full measurement cycle for DEHS deposition measurement,

measured at the T-piece (left graph) and a representative 1 min sample during a breathing

frequency of 15 bpm and a tidal volume of 500 ml

The results of the measurements with the AGF generator using latex bags as lung

equivalents show high reproducibility. The overview of all performed measurements

for the proof of integration of the optical aerosol measurement system is listed in
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Table 3.6 – AGF – Latex: Overview about the Number concentration of inhaled and exhaled

particles as well as the deposition, at a breathing frequency of 10 bpm per breathing cycle after

reaching stable flow conditions

f = 10
VT = 400 ml VT = 500 ml VT = 600 ml

Inhalation Exhalation Difference Inhalation Exhalation Difference Inhalation Exhalation Difference

CN

[P/cm3]

17940 1403 16537 20500 16600 3900 20440 5079 15361

18010 1660 16350 20400 16500 3900 19270 4727 14543

16750 4626 12124 20360 16090 4270 18530 4768 13762

17500 5406 12094 19880 15800 4080 16670 4937 11733

17010 5495 11515 18780 14460 4320 15220 5079 10141

15910 6293 9617 18700 14920 3780 14450 4660 9790

15530 7372 8158 18210 14520 3690 13270 5003 8267

16100 7693 8407 17660 14320 3340 13110 4846 8264

15110 8446 6664 17890 13590 4300 11390 4512 6878

14630 8356 6274 17040 12360 4680 11390 4116 7274

Mean CN

[P/cm3]
16449.00 5675.00 10774.00 18942.00 14916.00 4026.00 15374.00 4772.70 10601.30

Standard deviation

σ

[P/cm3]

1119.30 2403.66 3454.63 1201.34 1285.15 364.34 3076.65 280.55 2935.62

Table 3.7 – AGF – Latex: Overview about the Number concentration of inhaled and exhaled

particles as well as the deposition, at a breathing frequency of 15 bpm per breathing cycle after

reaching stable flow conditions

f = 15
VT = 400 ml VT = 500 ml VT = 600 ml

Inhalation Exhalation Difference Inhalation Exhalation Difference Inhalation Exhalation Difference

CN

[P/cm3]

20680 15880 4800 22700 3547 19153 20630 10110 10520

19880 14780 5100 22130 4903 17227 19270 10480 8790

19350 14830 4520 21540 6040 15500 19560 10230 9330

19670 14100 5570 21610 7308 14302 17910 9888 8022

19400 12990 6410 20750 7703 13047 17740 10040 7700

18990 12960 6030 20340 9145 11195 17140 9747 7393

18800 12200 6600 18820 9217 9603 16740 9510 7230

18430 11900 6530 20080 12420 7660 16150 9684 6466

17710 11340 6370 20010 13500 6510 15170 9923 5247

17110 10890 6220 18060 11600 6460 15200 9744 5456

16180 10580 5600 18310 11110 7200 14320 9041 5279

16570 10090 6480 18760 11290 7470 14810 8838 5972

15930 9709 6221 17600 11570 6030 14010 9175 4835

14800 9424 5376 18200 11340 6860 13160 9062 4098

14740 8672 6068 17070 12260 4810 13730 9101 4629

Mean CN

[P/cm3]
17882.67 12023.00 5815.00 19732.00 9530.20 12065.70 16369.33 9638.20 7615.40

Standard deviation

σ

[P/cm3]

1830.71 2120.34 640.75 1703.57 2907.34 4412.16 2221.84 480.28 1828.88
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Table 3.8 – AGF – Latex: Overview about the Number concentration of inhaled and exhaled

particles as well as the deposition, at a breathing frequency of 18 bpm per breathing cycle after

reaching stable flow conditions

f = 18
VT = 400 ml VT = 500 ml VT = 600 ml

Inhalation Exhalation Difference Inhalation Exhalation Difference Inhalation Exhalation Difference

CN

[P/cm3]

18820 7237 11583 20060 7383 12677 19530 9077 10453

18290 7668 10622 17870 5050 12820 19010 6675 12335

17860 5374 12486 18450 6814 11636 17540 6034 11506

18400 5648 12752 17790 8722 9068 17520 8939 8581

17950 8048 9902 17220 6171 11049 17730 7451 10279

17310 4954 12356 18140 6967 11173 16480 7054 9426

17460 5252 12208 17320 9506 7814 17170 8680 8490

17190 8245 8945 16380 7313 9067 16880 8102 8778

16390 5708 10682 16320 7318 9002 15850 7548 8302

17040 5330 11710 16580 9614 6966 17300 9316 7984

17030 9372 7658 14820 7615 7205 16140 9118 7022

16770 7108 9662 14120 7364 6756 14880 7890 6990

14910 5764 9146 13990 8737 5253 15620 8734 6886

15990 9048 6942 14960 8652 6308 15260 9423 5837

15750 7237 8513 14190 7584 6606 15080 8790 6290

15010 5996 9014 15040 9022 6018 15850 8884 6966

15460 8795 6665 14330 8365 5965 15090 9702 5388

14640 7230 7410 13640 8501 5139 14910 8883 6027

Mean CN

[P/cm3]
16792.78 6889.67 11324.60 16178.89 7816.56 10127.20 16546.67 8350.00 9613.40

Standard deviation

σ

[P/cm3]

1234.44 1390.49 1945.21 1819.79 1148.68 2477.70 1348.95 999.18 1936.66

the appendix A.2.

MAG 3000 & Commercially Available Sprays

The performed measurements include the aerosol produced by the MAG 3000

and the commercially available polydisperse spray aerosols. The performed

measurements include the latex bags as lung equivalent and use a breathing

frequency of 15 bpm and a tidal volume of 500 ml as simulation parameters. The

results are grouped by the type of source material into liquid particles, containing

the aerosol produced by the MAG 3000 generator and the sprays №1 and №2, and

solid particles, represented by the sprays №2 and №3. Tables 3.9 and 3.10 show the

results for the performed measurements using the latex bags.

Figure 3.42 shows the entire measurement cycle of the aerosol produced by the

MAG 3000. The mean particle concentration of the difference between in- and

exhalation is 6725.90 P/cm3 with a standard deviation of σ = 1682.50 P/cm3. The
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Figure 3.42 – MAG – Latex: Full measurement cycle for MAG 3000 produced DEHS

deposition measurement, measured at the T-piece (left graph) and a representative 1 min

sample during a breathing frequency of 15 bpm and a tidal volume of 500 ml

Figure 3.43 – Spray №1 – Latex: Full measurement cycle for the protective foot infection

spray deposition measurement, measured at the T-piece (left graph) and a representative 1 min

sample during a breathing frequency of 15 bpm and a tidal volume of 500 ml
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Figure 3.44 – Spray №4 – Latex: Full measurement cycle for the insect repellent spray

deposition measurement, measured at the T-piece (left graph) and a representative 1 min

sample during a breathing frequency of 15 bpm and a tidal volume of 500 ml

maximum difference within one respiration cycle is 10556 P/cm3. In contrast to the

25 % mean standard deviation during respiration of the MAG produced aerosol, the

mean standard deviation during inhalation of spray №1 lies at 18 %. The mean

particle concentration of the difference between breathing phases is 1711.30 P/cm3

with a standard deviation of σ = 318.57 P/cm3, which can be seen in figure 3.43.

The values for the inhalation of spray №4, depicted in figure 3.44, are summarised

in table 3.9 and show a mean standard deviation of σ = 421.05 P/cm3 with a mean

deposition of 1949 P/cm3 over all measured 15 breathing cycles.

Figure 3.45 shows the entire measurement cycle of the produced spray №2. The mean

particle concentration of the difference between in- and exhalation is 2846.40 P/cm3

with a standard deviation of σ = 1261.09 P/cm3. The maximum difference within

one respiration cycle is 4574 P/cm3. The results of the measurement for spray №3 are

depicted in figure 3.46. The mean particle concentration of the difference between

breathing phases is 5873.80 P/cm3 with a standard deviation of σ = 1146.90 P/cm3

representing a deviation of approximately 19 %. The overview of the results for

inhalation measurements of solid particles is given in table 3.10.
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Table 3.9 – Liquid Particles – Latex: Overview about the number concentration of inhaled

and exhaled particles as well as the deposition, at a breathing frequency of 15 bpm per breathing

cycle after reaching stable flow conditions
f = 15

VT = 500 ml

MAG 3000 Spray №1 Spray №4

Inhalation Exhalation Difference Inhalation Exhalation Difference Inhalation Exhalation Difference

CN

[P/cm3]

19400 8844 10556 10160 8155 2005 3517 1091 2426

17700 9617 8083 9575 7664 1911 2934 1224 1710

17910 10020 7890 9610 7612 1998 3331 733 2598

18170 11250 6920 9269 7623 1646 3363 1249 2114

17470 10810 6660 8884 7578 1306 2937 1163 1774

16720 10310 6410 8943 7327 1616 2738 1049 1689

16300 10940 5360 8884 6825 2059 2581 1033 1548

16920 11280 5640 8652 7065 1587 3463 1096 2367

15620 10890 4730 8340 6510 1830 3000 1912 1088

15820 10810 5010 8113 6958 1155 3144 968 2176

16450 11240 5210 8447 6254 2193 3660 2049 1611

16030 10490 5540 8004 6268 1736 3154 1177 1977

15300 11030 4270 7887 6303 1584 3377 700 2677

14980 11080 3900 7901 6159 1742 3014 857 2157

15450 10480 4970 7773 6718 1055 3057 858 2199

Mean CN

[P/cm3]
16682.67 10606.07 6725.90 8696.13 7001.27 1711.30 3151.33 1143.93 1949.00

Standard deviation

σ

[P/cm3]

1201.26 657.98 1682.50 700.44 612.11 318.57 289.55 366.55 421.05

Figure 3.45 – Spray №2 – Latex: Full measurement cycle for the silver spray powder

deposition measurement, measured at the T-piece (left graph) and a representative 1 min

sample during a breathing frequency of 15 bpm and a tidal volume of 500 ml
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Figure 3.46 – Spray №3 – Latex: Full measurement cycle for the micro talc spray powder

deposition measurement, measured at the T-piece (left graph) and a representative 1 min

sample during a breathing frequency of 15 bpm and a tidal volume of 500 ml

Table 3.10 – Solid Particles – Latex: Overview about the number concentration of inhaled

and exhaled particles as well as the deposition, at a breathing frequency of 15 bpm per breathing

cycle after reaching stable flow conditions
f = 15

VT = 500 ml

Spray №2 Spray №3

Inhalation Exhalation Difference Inhalation Exhalation Difference

CN

[P/cm3]

5943 1810 4133 12890 5860 7030

6138 1564 4574 12900 5669 7231

5639 1459 4180 12830 5352 7478

4199 1465 2734 11970 5978 5992

3842 1594 2248 11280 5993 5287

3988 897 3091 11710 6293 5417

3568 1196 2372 11570 5984 5586

3007 747 2260 11840 5621 6219

2406 472 1934 10360 6844 3516

1399 461 938 11160 6178 4982

1368 333 1035 10400 6316 4084

1540 462 1078 10740 5337 5403

1327 389 938 10560 5814 4746

1273 363 910 10430 6362 4068

1196 380 816 10460 5897 4563

Mean CN

[P/cm3]
3122.20 906.13 2846.40 11406.67 5966.53 5873.80

Standard deviation

σ

[P/cm3]

1740.52 529.27 1261.09 904.70 384.90 1146.90
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Primed Porcine Lung

AGF – DEHS Aerosol

Tables 3.11 and 3.12 show the summary of the results over all measurement cycles

including mean values for in- exhalation and the difference using the primed porcine

lung as equivalents. Figure 3.47 shows the number concentration CN over the entire

measurement cycle and a representative 1 min sample with 10 breathing cycles at

a tidal volume of 500 ml. The mean number concentration during inhalation is

23484 P/cm3, whereas the mean CN during exhalation is 9980.50 P/cm3. The mean

difference, representing the deposition in the latex bags, lies at 13503.50 P/cm3 with

a standard deviation of σ = 1393.44 P/cm3.

Figure 3.47 – AGF – Porcine lung: Full measurement cycle for DEHS deposition

measurement, measured at the T-piece (left graph) and a representative 1 min sample during

a breathing frequency of 10 bpm and a tidal volume of 500 ml

As it can be seen exemplary in figure 3.48, the measurements of tidal volumes 500

and 600 ml at a frequency of 15 bpm and the measurements with a frequency of

18 bpm do not show representative and stable data. Due to a malfunction of the

Aerosol Dilution Box the measurement setup was not provided with a constant

diluted aerosol flow. Based on the occurring fluctuations in flow and dilution, the

named measurements cannot be taken into consideration for further evaluation and

had to be discarded.
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Figure 3.48 – AGF – Porcine lung: Full measurement cycle for DEHS deposition

measurement, measured at the T-piece during a breathing frequency of 15 bpm and a tidal

volume of 500 ml after defect of the ADB

Table 3.11 – AGF – Porcine lung: Overview about the Number concentration of inhaled and

exhaled particles as well as the deposition, at a breathing frequency of 10 bpm per breathing

cycle after reaching stable flow conditions

f = 10
VT = 400 ml VT = 500 ml VT = 600 ml

Inhalation Exhalation Difference Inhalation Exhalation Difference Inhalation Exhalation Difference

CN

[P/cm3]

42600 25800 16800 26490 11320 15170 24620 9124 15496

41070 23300 17770 26780 11460 15320 23130 10580 12550

38190 21490 16700 25500 11920 13580 22630 8837 13793

35380 18390 16990 24690 10250 14440 22700 7936 14764

33840 19440 14400 23690 9074 14616 23030 8096 1309

31600 19800 11800 23440 9405 14035 21870 8557 13313

29390 17020 12370 23160 10760 12400 20610 8921 11689

26840 15040 11800 20940 10030 10910 20510 7003 13507

25170 13510 11660 20470 8122 12348 20110 6628 13482

24240 1395 22845 19680 7464 12216 19460 6851 12609

Mean CN

[P/cm3]
32832.00 17518.50 15313.50 23484.00 9980.50 13503.50 21867.00 8253.30 12251.20

Standard deviation

σ

[P/cm3]

6174.89 6402.07 3423.98 2357.84 1391.66 1393.44 1552.58 1155.30 3790.84
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Table 3.12 – AGF – Porcine lung: Overview about the Number concentration of inhaled and

exhaled particles as well as the deposition, at a breathing frequency of 15 bpm per breathing

cycle after reaching stable flow conditions

f = 15
VT = 400 ml VT = 500 ml VT = 600 ml

Inhalation Exhalation Difference Inhalation Exhalation Difference Inhalation Exhalation Difference

CN

[P/cm3]

21470 14390 7080 n.a. n.a. n.a. n.a. n.a. n.a.

20690 13840 6850 n.a. n.a. n.a. n.a. n.a. n.a.

20930 13260 7670 n.a. n.a. n.a. n.a. n.a. n.a.

20340 13130 7210 n.a. n.a. n.a. n.a. n.a. n.a.

19070 13230 5840 n.a. n.a. n.a. n.a. n.a. n.a.

19270 12340 6930 n.a. n.a. n.a. n.a. n.a. n.a.

18770 11900 6870 n.a. n.a. n.a. n.a. n.a. n.a.

18680 12230 6450 n.a. n.a. n.a. n.a. n.a. n.a.

16840 11900 4940 n.a. n.a. n.a. n.a. n.a. n.a.

18350 12270 6080 n.a. n.a. n.a. n.a. n.a. n.a.

17210 11900 5310 n.a. n.a. n.a. n.a. n.a. n.a.

17160 12360 4800 n.a. n.a. n.a. n.a. n.a. n.a.

16600 11450 5150 n.a. n.a. n.a. n.a. n.a. n.a.

16720 11090 5630 n.a. n.a. n.a. n.a. n.a. n.a.

16560 11100 5460 n.a. n.a. n.a. n.a. n.a. n.a.

Mean CN

[P/cm3]
18577,33 12426,00 6592,00 n.a. n.a. n.a. n.a. n.a. n.a.

Standard deviation

σ

[P/cm3]

1645.61 934.33 888.65 n.a. n.a. n.a. n.a. n.a. n.a.

Overall results of the realised DEHS based aerosol measurements using the primed

porcine lung as equivalent, show a high degree of reproducibility. The complete

overview about all breathing frequencies and tidal volumes is not available due to a

malfunction of the ADB.

MAG 3000 & Commercially Available Sprays

The measurements for the porcine lung were performed under the same settings with

a breathing frequency of 15 bpm and a tidal volume of 500 ml The results are grouped

again by the type of source material into liquid particles and solid particles. Tables

3.13 and 3.14 show the results for the performed measurements using the porcine

lung.

Figure 3.49 shows the entire measurement cycle of the aerosol produced by the MAG

3000. The mean particle concentration of the difference between in- and exhalation

is 5540 P/cm3 with a standard deviation of σ = 693.61 P/cm3, representing

approximately 12.5 % deviation. In contrast to the MAG produced aerosol, the

mean standard deviation during inhalation of spray №1 lies at 64 %. The mean
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Figure 3.49 – MAG – Porcine lung: Full measurement cycle for MAG 3000 produced DEHS

deposition measurement, measured at the T-piece (left graph) and a representative 1 min

sample during a breathing frequency of 15 bpm and a tidal volume of 500 ml

Figure 3.50 – Spray №1 – Porcine lung: Full measurement cycle for the protective

foot infection spray deposition measurement, measured at the T-piece (left graph) and a

representative 1 min sample during a breathing frequency of 15 bpm and a tidal volume of

500 ml
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Figure 3.51 – Spray №4 – Porcine lung: Full measurement cycle for the insect repellent

spray deposition measurement, measured at the T-piece (left graph) and a representative 1 min

sample during a breathing frequency of 15 bpm and a tidal volume of 500 ml

particle concentration of the difference between breathing phases is 6914 P/cm3 with

a standard deviation of σ = 4424.28 P/cm3, which can be seen in figure 3.50. The

maximum difference within one respiration cycle is 18360 P/cm3. The values for the

inhalation of spray №4, depicted in figure 3.51, are summarised in table 3.13 and

show a mean standard deviation of σ = 5922.21 P/cm3 with a mean deposition of

24788 P/cm3 per cycle over all measured 15 breathing cycles.

The shown representative 1 min samples of the measurements depicted in figures

3.43 and 3.49 show a presumable drift of the number concentration. This shift is

caused by the starting point of the included samples and the corresponding total

decay of the number concentration connected to it.

Figure 3.52 shows the entire measurement cycle of the produced spray №2. The mean

particle concentration of the difference between in- and exhalation is 2641.50 P/cm3

with a standard deviation of σ = 417.84 P/cm3, representing a mean deviation

of approximately 16 %. The maximum difference within one respiration cycle is

3235 P/cm3. The results of the measurement for spray №3 are depicted in figure

3.53. The mean particle concentration of the difference between breathing phases

is 8566.90 P/cm3 with a standard deviation of σ = 831.96 P/cm3 representing

a deviation of approximately 10 %. The overview of the results for inhalation
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Table 3.13 – Liquid Particles – Porcine lung: Overview about the number concentration of

inhaled and exhaled particles as well as the deposition, at a breathing frequency of 15 bpm per

breathing cycle after reaching stable flow conditions
f = 15

VT = 500 ml

MAG 3000 Spray №1 Spray №4

Inhalation Exhalation Difference Inhalation Exhalation Difference Inhalation Exhalation Difference

CN

[P/cm3]

26480 20940 5540 18590 11430 7160 103100 74670 28430

26170 19860 6310 18710 10310 8400 93660 65610 28050

25520 19390 6130 17250 10950 6300 87700 65540 22160

24610 18550 6060 18020 11640 6380 91410 69350 22060

23430 17640 5790 19350 11820 7530 91050 71320 19730

22500 17650 4850 19410 11940 7470 90460 67500 22960

22610 16450 6160 19670 12300 7370 88370 55650 32720

21530 16550 4980 21190 14050 7140 83490 53380 30110

20950 16060 4890 23430 14480 8950 82090 62140 19950

20250 15560 4690 24130 21690 2440 86560 64850 21710

19600 14030 5570 37010 23300 13710 81550 60480 21070

18730 14060 4670 49630 33110 16520 89080 59870 29210

18570 13440 5130 50650 32290 18360 79120 39210 39910

17410 13290 4120 42590 27700 14890 60880 44150 16730

16730 12510 4220 42590 28030 14560 71620 49880 21740

Mean CN

[P/cm3]
21672.67 16398.67 5540.00 28148.00 18336.00 6914.00 85342.67 60240.00 24788.00

Standard deviation

σ

[P/cm3]

3045.94 2513.30 693.61 12049.12 8144.82 4424.28 9536.24 9747.75 5922.21

Figure 3.52 – Spray №2 – Porcine lung: Full measurement cycle for the silver spray powder

deposition measurement, measured at the T-piece (left graph) and a representative 1 min

sample during a breathing frequency of 15 bpm and a tidal volume of 500 ml
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Figure 3.53 – Spray №3 – Porcine lung: Full measurement cycle for the micro talc spray

powder deposition measurement, measured at the T-piece (left graph) and a representative

1 min sample during a breathing frequency of 15 bpm and a tidal volume of 500 ml

measurements of solid particles is given in table 3.14.

Table 3.14 – Solid Particles – Porcine lung: Overview about the number concentration of

inhaled and exhaled particles as well as the deposition, at a breathing frequency of 15 bpm per

breathing cycle after reaching stable flow conditions
f = 15

VT = 500 ml

Spray №2 Spray №3

Inhalation Exhalation Difference Inhalation Exhalation Difference

CN

[P/cm3]

4190 1621 2569 13050 3833 9217

3888 1488 2400 12020 4056 7964

4267 1377 2890 12280 3768 8512

3888 1345 2543 12290 3845 8445

4645 1715 2930 12300 3449 8851

4498 1263 3235 12840 3604 9236

4237 2613 1624 12160 3777 8383

4379 1316 3063 12200 3712 8488

3900 1471 2429 12180 3049 9131

3996 1264 2732 10940 3498 7442

3575 1606 1969 10460 3674 6786

3604 1086 2518 10770 3945 6825

4441 1605 2836 11100 3537 7563

3289 1262 2027 10550 3662 6888

3744 1260 2484 10990 3260 7730

Mean CN

[P/cm3]
4036.07 1486.13 2641.50 11742.00 3644.60 8566.90

Standard deviation

σ

[P/cm3]

373.26 345.50 417.84 820.62 251.56 831.96
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Table 3.15 shows an overview of the percentage of deposited aerosol in % for the proof

of functional integration using DEHS based aerosol from the AGF 2.0 generator and

the additional deposition measurements using the monodisperse aerosol and the four

commercially available sprays.

Table 3.15 – Overview of the percentage of deposited aerosol during the measurements

for proof of functional integration and the additional measurements with 3 liquid and 2 solid

source materials
Percentage of Deposited Aerosol

Based on Mean Difference

AGF –

DEHS

f = 10 VT = 400 ml VT = 500 ml VT = 600 ml

Latex bags 65 % 21 % 69 %

Porcine lung 47 % 58 % 56 %

Liquid

Source

Material

f = 15 MAG 3000 Spray №1 Spray №4

Latex bags 40 % 20 % 62 %

Porcine lung 25 % 24 % 29 %

Solid

Source

Material

f = 15 Spray №2 Spray №3

Latex bags 91 % 51 %

Porcine lung 65 % 73 %

The results for the percentage of deposition show that deposition rate is nearly

constant within the groups of aerosols using the porcine lung with a maximum

difference of 11 % within the group of AGF produced DEHS particles. In contrast,

the deposition rate using latex bags as lung equivalents varies stronger, showing a

maximum difference within the aerosol group of AGF produced DEHS of 48 %.

Particle Size Distribution

Results of the particle deposition showed a further characteristic of the measurement

setup. The internal structure and basic construction of the ADB, additionally to

influencing the particle number concentration, behaves like an impactor. The effect

of inertial impaction influences the particle size distribution of the diluted aerosol

as figure 3.54 shows. The mean particle size after production within the aerosol

reservoir is 0.237 µm, where the size distribution at the T-piece, representing the
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diluted aerosol, shows a maximum at 3.652 µm. This exemplary shift is based on

the measurements using latex bags and Spray №3. An overview about all identified

PSD shifts is given in table 3.16.

Figure 3.54 – Example for the shift of the particle size distribution between undiluted state

in the reservoir (left graph) and diluted state at the T-Piece (right graph) using Spray №3

Results show that the mean particle size distribution of the inhaled particles does not

represent the originally produced aerosol size characteristics. Moreover, the particle

number, shown on the Y-axis of the PSD graphs, deviates from the undiluted to

the diluted state. This mismatch can be explained by the calibration process of

the OAS. Both systems are calibrated individually, according to the manufacturer’s

guidelines. The process includes a manual positioning of a cursor for the maximum

occurrence of a particle size during calibration. This process is based on a constant

and isovolumetric flow through the aerosol sensor. As the calibration is performed

individually for each device, but the application of both devices is characterised

by different interfering flow conditions, the resulting identified particle number as

basis for the particle size distribution, may vary. The results of this work are

not compromised by this measurement mismatch, as relative values are taken into

account for the evaluation of the particle balance between in- and exhaled particle

concentration.
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Table 3.16 – Overview of the Particle Size Distribution shift between undiluted aerosol

within the reservoir and diluted aerosol present at the T-Piece

Aerosol

generation

system

Latex bags Porcine lung

Reservoir:

dp of max. N

within PSD

[µm]

T-Piece:

dp of max. N

within PSD

[µm]

Reservoir:

dp of max. N

within PSD

[µm]

T-Piece:

dp of max. N

within PSD

[µm]

MAG 3000 0.255 3.652 0.255 1.075

AGF 2.0 0.255 3.652 0.255 3.924

Spray №1 0.274 4.217 0.274 1.241

Spray №2 0.237 1.155 0.221 1.155

Spray №3 0.237 3.652 0.237 3.652

Spray №4 0.274 1.075 0.255 1.334

3.6 Comparison of xPULM with State of the Art

The setup and characteristics of the xPULM simulator, allow a broad variety of

applications and its use for several research objectives, as demonstrated in table 3.17.

The evaluation includes the applicability of the chosen model for multiple research

goals. These include amongst others the acquisition of information connected to

the response on a cellular level, which is provided by in vitro models only. In vivo

models, ex vivo approaches as well as the xPULM may only deliver results, if an

adequate sample is taken, which is depending on the state of the included organ. On

the contrary, information about a response on an organ level is foremost provided by

in vivo models, where ex vivo models as well as the xPULM system may only lead to

adequate information if the organ is kept vivid long enough. Results for cytotoxicity

tests are depending on a longer observation time span, than just several hours, which

leads to the fact that only in vivo and in vitro models may be used for these research

objectives. Active and passive breathing patterns are often implemented in several

modeling approaches, but a free choice between both options is only provided by in

silico models, ex vivo approaches and the xPULM.
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Table 3.17 – Evaluation matrix of the xPULM in comparison to state of the art approaches

and 3R principles in lung and particle deposition simulation, based on functional (funct.) and

non functional (non funct.) requirements
Funct. & non funct.

Requirements

In vivo

Models

In vitro

Models

In silico

Models

Mechanical

Models

Ex vivo

Models
xPULM

Evoke a

response on cell

& tissue level

P

only if

adequate

samples

are taken

Y N N P

only if

adequate

samples

are taken

P

only if

adequate

samples

are taken

Evoke a

response on

organ level

Y N N N P

only if

entire organ

is kept

alive long

enough

P

only if

entire organ

is kept

alive long

enough

Cytotoxicity

tests possible
Y Y N N N N

Simulation of

active breathing

possible

Y P

only if

model

allows

active

movement

Y P

only if

model

allows

active

movement

Y Y

Simulation of

passive breathing

possible

P

only if

ventilation

system is

included

N Y Y Y Y

Distribution of

deposited particles in

organ regions

Y N Y P

depending

on model

approach

Y Y

Distribution of

deposited particles

in entire organ

Y N P
with

limitations
N Y Y

Analysis of

particle size

distribution

N N P

depending

on model

approach

N N Y

Supporting 3R

philosophy
N Y Y Y Y Y

Choice of multiple

breathing patterns
P

only as far

as controllable
N P

only if

specifically

included

Y Y Y

Anatomically

realistic inner

structure

Y P

depending

on chosen

tissue

combination

P
with

limitations
N Y Y

Simplified inner

structure
N Y Y Y N Y

Single (S) /

multiple (M) fields

of application

S S M M M M

№ of Yes (Y)

№ of No (N)

№ of Partially (P)

6

4

2

4

6

2

5

3

4

3

6

3

7

3

2

9

1

2

Included approaches as basis of evaluation

In vivo models (Shore, 2002), (McKinney et al., 2012), (McKinney et al., 2013), (Manunta et al., 2013)

In vitro models
(Fuchs et al., 2002), (Steimer et al., 2005), (Forbes and Ehrhardt, 2005),

(Ghallab and Badawy, 2010), (Huh et al., 2011), (Alépée et al., 2014)

In silico models
(Martonen, 1993), (Asgharian et al., 2001), (Lazaridis et al., 2001), (Calay et al., 2002),

(Hofmann, 2011), (Soni and Aliabadi, 2013), (Frederix et al., 2018)

Mechanical models
(Mesic et al., 2003), (Meka and van Oostrom, 2004), (Chase et al., 2006), (Heili-Frades et al., 2007),

(Lizal et al., 2012), (Krueger-Ziolek et al., 2013), (Elcner et al., 2016)

Ex vivo models (Kaye et al., 2000), (Perinel et al., 2017a), (Perinel et al., 2017b)

xPULM
(Forjan et al., 2010), (Forjan et al., 2011), (Forjan et al., 2012), (Forjan, 2017),

(Pasteka and Forjan, 2017a), (Pasteka and Forjan, 2017b), (Forjan et al., 2018)
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When focusing on the inhalation and deposition of particles, in vivo approaches, ex

vivo models and the xPULM allow acquisition of information about the deposition of

particles on a regional as well as on an entire organ level. Other models only provide

information for either regional or organ levels and those mostly only combined with

limitations. Information about the particle size distribution is only possible by the

use of the xPULM and partially provided by in silico approaches. In general all

types of approaches presented in the evaluation matrix, with the exception of in

vivo models, support the 3R principles. When the choice of the simulated structure

of the lung is of interest for the research question, only the xPULM system allows

the integration of both, simple as well as realistic inner structures. In general, the

majority of the evaluated and compared lung and particle deposition models allow

the use for different applications. Only in vivo models and in vitro approaches are

limited in their fields of application.

The results of the evaluation of the xPULM system against state of the art

approaches, clearly shows the major advantages of the developed system, as table

3.17 reflects. The xPULM system fulfills 9 of the evaluation criteria positively, 2

only partially and only 1 criterion – the inclusion of cytotoxicity tests – has not been

implemented. The system also includes one feature, which is not fully shared by any

of the other approaches, as the xPULM provides information about the particle size

distribution of the actually in- and exhaled aerosol. In vivo and ex vivo approaches

also show a high versatility, but are characterised by more limitations and ethic

concerns. In contrast, in vitro models as well as the included mechanical models

show the lowest rate of criterion fulfillment, with 6 negatively graded evaluation

criteria each. It has to be stated that especially in vitro models are already widely

spread, well developed and within their research objectives clearly lead their field

of interest. Mechanical models on the other hand are highly specified solutions,

which rather focus on testing and teaching procedures. In silico approaches are fully

compliant to the 3R strategy and also show a high positive evaluation rate with 5

positive criteria, but these models are strongly depending on boundary conditions

and assumptions as well as necessary simplifications which represent their most

prominent disadvantages.
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3.7 Achievements for Long Term Goals

The defined strategic long term goals include the establishment of a certified

calibration and test laboratory for respiratory research purposes and the validation

of the measurement setup as alternative testing method to animal models. Both long

term goals are supported by the findings and methods established by this work.

Calibration and Testing Laboratory

A standardised measuring setup for diluted and undiluted aerosol characterisation

has been established, which provides information about the produced number of

particles, the number concentration per cm3 and the particle size distribution

and thereby about the dispersity of the produced aerosol. The setup allows the

inclusion of any aerosol within the measurement range of the included optical aerosol

spectrometers. Moreover, a measurement setup for the identification of airborne

particles during in-/exhalation under controlled laboratory conditions has been

established and implemented. Metrological traceability has been implemented in the

laboratory and the measurement setups as the units of measurement were chosen

as SI derived units and are calibrated in reference to standardised and documented

reference measurement systems. Measurement protocols were developed and tested

within this work, which assure reproducible measuring procedures and traceable

results.

Validated Test Method as Alternative to Animal Models

The primary test setup for a testing method for inhalation studies has been

implemented and tested. The test method complies with the 3R principles as

no animals are included as test subjects. The used porcine lungs have been

salvaged from meat production processes and therefore help to replace animal testing

procedures. These measurements, along with the developed measurement protocols
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for in-/exhalation studies of airborne particles are the basic setup to build up a

testing method, which can be validated as alternative to animal testing procedures.

3.8 Clinical Trials & Integration in Education

Both planned clinical trials have been handed in to the ethics committee of

CHTMAD and have been approved. The letters of approval are attached as figures

A.24, A.25 in the appendix of this work. Both studies are planned to start with

September 2018, where the prospective study will last for one year.

This work is also related to the establishment of undergraduate and postgraduate

courses in the field of biomedical engineering, which provide students the opportunity

to progressively deal with the topics of lung simulation as well as aerosol production

and measurement. The results include a part of a course at undergraduate level

for the basics of breathing and its simulation as well as ventilation including a

practical hands-on laboratory unit embedded in the curriculum. On a postgraduate

level an entire course for lung simulation, breathing processes, ventilation, aerosol

production and measurement has been established, which moreover includes two

laboratory units, where students have to perform aerosol characterisation and

breathing simulation based on experimental protocols. In order to increase the

ratio of theory to practice in favour of the practical aspect, a project based lecture

includes topics and projects in relation to lung simulation, aerosol production and

measurement. This project based lecture takes place in the first and second semester

of the master study program of biomedical engineering and allows the students to

work on the project for the first year in a group. The related course takes place in

the third semester and therefore allows the students to continue their path within

this field of research. This consecutive educational approach has shown to lead

to increasing numbers of students dealing with the research topic and leading to

connected master theses, as well as subsequent doctoral studies in some cases, as

table 3.18 shows. The table is sorted by the academic year in which a cohort of

students has started their studies in the master study program.
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Table 3.18 – Overview about the number of students enrolled in the consecutive courses in

first to fourth semester of the master study program biomedical engineering sciences (Legend:

n.a. – not applicable)

Start of

academic year

Project Related

Teamwork 1

Semester 1

Project Related

Teamwork 2

Semester 2

Biomedical Engineering

in Respiration

Semester 3

Master

Thesis

Semester 4

Doctorate

2014 4 4 0 1 0

2015 3 3 1 1 1

2016 3 3 3 4 0

2017 7 7 3 3 n.a.

Results of Project Related Teamwork of students starting in the academic year

2014:

Anton Eschli, Ifeoma Martins, Peter Rothmund, and Damandeep Singh (2015).

Design and Realisation of a Simulation of an ex-vivo Lung Perfusion Circuit.

In University of Applied Sciences Technikum Wien: Proceedings of Biomedical

Engineering – Project Exchange. 2(2):29-30

Master Thesis of students starting in the academic year 2014:

Richard Pasteka (2016). Integration and testing of a real time processing unit for

lung simulation. Master Thesis. Brno University of Brno and University of Applied

Sciences Technikum Wien

Results of Project Related Teamwork of students starting in the academic year 2015:

Selena Milanovic, Martina Krizanac, and Stephan Agojo (2016). Development of

human tidal breathing patterns and comparison with a data set provided by a

lung simulator. In University of Applied Sciences Technikum Wien: Proceedings

of Biomedical Engineering – Project Exchange. 3(2):45-46

Master Thesis of students starting in the academic year 2015:

Selena Milanovic (2017). Numerical and experimental study of aerosol particle flow

and deposition in a lung simulator. Master Thesis. Brno University of Brno and

University of Applied Sciences Technikum Wien
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Results of Project Related Teamwork of students starting in the academic year 2016:

Christoph Adorjan, Kenneth Edem Beddy, Oleksii Kozynets (2017). Airflow

Sensors Calibration Unit for Active Mechanical Lung Simulator. In University of

Applied Sciences Technikum Wien: Proceedings of Biomedical Engineering – Project

Exchange. 4(2):31-32

Master Theses of students starting in the academic year 2016:

Christoph Adorjan (under review). Development and Design of a Lung Equivalent

with Variable Compliance. Master Thesis. University of Applied Sciences

Technikum Wien

Oleksii Kozynets (under review). Design and evaluation of a adjustable airway

resistance model for breathing simulation purposes. Master Thesis. University of

Applied Sciences Technikum Wien

Omid Malekpour (under review). Evaluation of an active lung simulator for realistic

breathing flow simulation purposes. Master Thesis. University of Applied Sciences

Technikum Wien

Hantsje Bernhard Tea (under review). Design and implementation of an ex-vivo

lung perfusion circuit. Master Thesis. University of Applied Sciences Technikum

Wien

Results of Project Related Teamwork of students starting in the academic year 2017:

Max Geiger, Joao Pedro Santos da Costa, and Zuzanna Wojcik (2018). Breathing

Lung Weight Measurement System. In University of Applied Sciences Technikum

Wien: Proceedings of Biomedical Engineering – Project Exchange. 5(2):27-28

Maximilian Brenner, Irina Heibl, Katrin Munzenrieder, and Camilla Steinhart

(2018). Detection System of the Inflection Point for a Vivid Breathing Porcine

Lung. In University of Applied Sciences Technikum Wien: Proceedings of Biomedical

Engineering – Project Exchange. 5(2):29-30



4 Discussion

The results of this work are evaluated and put into context of the planned outcomes.

The developed and tested components of the measurement setups are assessed based

on the produced results and the intended use. Strengths and weaknesses as well as

future development steps are elaborated.

4.1 Discussion

The evaluation of the xPULM system in comparison to state of the art lung and

particle simulation approaches has shown one major disadvantage. In its current

state, the system does not provide the functionality for acquiring data concerning

cytotoxicity. This limitation of the system is given due to the necessary observation

time span for such tests. The tissue has to be kept for several days or even weeks for

concise cytotoxicity testing. Currently it is not possible to reach such long period

of time by holding an explanted organ vivid by extracorporeal perfusion. This

disadvantage of the xPULM system may be overcome by closing the gap between

mechanical and ex vivo lung simulation to in vitro approaches. For this purpose the

vivid tissue may be exposed to the aerosols under test, much like it is done currently,
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and regular biopsies of the lung tissue may be used as basis for cell and tissue

approaches. By these means, the xPULM simulator would create a tissue sample

which has been exposed to particles at realistic conditions and thereby produce the

basis for further cytotoxicity tests.

Characterisation of Devices & Components

The xPULM simulator has been evaluated on the basis of state-of-the-art approaches

and already shows superior possibilities and combinations of measurement settings

and interdisciplinary usage. However, future development steps will have to include

an adapted pressure driving system to compensate or decrease leakages, as well as

an adapted integrated flow measurement system, as the current flow sensors do not

allow the application of aerosols. Measurement systems based on ultrasound or

pressure difference might be included in future.

The determination of the time constants τ for the pressure equilibration of the

thoracic chamber, have shown evidence for stenoses and leakages within the system.

The chamber is directly connected to the bellows, but also to the vacuum pump.

Moreover, the lid of the chamber is only tightened with a single rubber seal and the

chamber is also equipped with connectors for sensors. All these components may

influence the air tightness of the thoracic chamber and therefore have to be analysed

in further development steps of the xPULM. These leakages are especially influencing

the breathing simulation using the primed porcine lung, as a steady inflation state

is necessary to ensure reproducible breathing patterns. Further developments will

include a component based analysis using in silico approaches like compartment

modeling. The compartments like the thoracic chamber, the bellows system and

the pneumatic connections need to be simulated and their characteristics have to be

evaluated for their influence on resistance, leakage and capacitance.
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Evaluation of Breathing Simulation & Lung

Equivalents

Results show that a reproducible breathing simulation is possible using the xPULM

simulator. A high degree of reproducibility is reached especially during Sin mode

breathing where the breathing pattern is not controlled via the flow sensors. PI Sin

and PI Breath modes work stable as long as latex bags are used as lung equivalent.

The use of the primed porcine lung leads to significant instabilities and strongly

interfering compensation movements by the pressure drive system. As results show,

the number of reproducible breathing cycles for PI Sin and PI Breath with a primed

porcine lung is mostly lower than 10, which means that not even brachypnea can be

simulated.

Medical ventilation of both lung equivalents has shown significant differences

in compliance and leakage flows. The primed porcine lung shows a highly

pathological compliance value, representing ARDS and severe atelectasis. Even

though recruitment maneuvers help decreasing collapsed lung areas, the primed

state of the tissue leads to a basically pathological behaviour. The identified leakage

flow of 7 l/min in case of the primed porcine lung and 3 l/min for the latex bags also

allows the conclusion, that the lung tissue has been damaged during extraction while

being handled within the meat production process. As the porcine lung is included

into the measurement setup with a piece of the trachea, the length and thereby

the dead space of this lung equivalent cannot be exactly determined. Moreover

the volume of the technical components mounted outside the thoracic chamber, as

the flow sensors, or the T-piece, are not taken into consideration for evaluating the

number concentration, yet.

Overall results clearly show that breathing simulation is possible also at different

breathing frequencies and tidal volumes and that the different lung equivalent

significantly influence the breathing pattern and produced flows. The non linear

behaviour of the maximum |σ| from the mean flow values over all breathing modes

has to be investigated in more detail in future.
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Assessment of Aerosol Production & Dilution

Systems

The used aerosol production systems have worked as intended. Only the results

of the MAG 3000, intended to produce a monodisperse aerosol, did not correlate

with the assumed output. The particle size distribution showed a high range, which

contradicts the monodispersity, and the main represented mean particle diameter

was smaller than intended by the production settings. Possible reasons, based on

research for manufacturers guidelines, are old DEHS whose molecular composition

may have changed over the course of time and a NaCl solution, which does not

fulfill to the necessary quality criteria. The commercially available sprays as well

as the AGF 2.0 generator have proven to produce aerosols with a high degree of

reproducibility. It was surprising that the micro talc powder spray (spray №3) is

characterised by such a narrow particle size distribution.

The realised measurement setups, allow traceable and reproducible aerosol in-

/exhalation measurements based on the implemented measurement protocols.

However, results also reveal the challenge of stable aerosol dilution, especially

during non-isovolumetric flows, as they appear during breathing. The measurements

have proven the concept of the ADB, but showed the necessity of high precision

production of ADB components as manipulations at the input and output nozzle

of the aerosol dilution box already in a sub-millimeter region highly influence

the performance of the dilution system. Handling during measurements showed

that a 10 ° turning, representing an enlargement of the annular gap by 0.037 mm,

cannot be ensured satisfactory by the produced prototype. The prototype, realised

as 3D printed polymer construction, has proven to work as intended, but future

development steps will include the production of the input and output nozzle

from metal like brass or aluminium in order to reach high precision turnings of

the input nozzle as well as higher mechanical stability of these components and

therefore a higher degree of reproducibility. The determined coefficient of the
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correlation function between the number concentrations of undiluted and diluted

aerosol, represents the unsteady factors during dilution of the ADB. Even though

the results show promising behaviour under steady conditions, the connectors and

possible leakages may lead to deviations during dilution. Moreover, the sampled

aerosol data has been acquired under nonisoaxial (90 °) and nonisotachial conditions,

influencing the provided data.

The results concerning the particle size distribution revealed that the ADB behaves

like an impactor. The bigger particles, also characterised by a higher mass, are not

capable of following the air stream around the 90 ° bend in direction to the exhaust of

the ADB. By this structural component of the ADB, based on the ejector principle,

the system does not only influence the particle number concentration by dividing

the flows through the system outputs, but also the mean particle size after dilution

by acting like an impactor. Further measurements focused on medical aerosols will

have to be performed with an adapted measurement setup, as the current version

influences the characteristics of the actually inhaled particles.

Determination of Particle Deposition

The included particle measurement system has proved its functionality when

integrated into the presented setup. Nevertheless, further development steps and

optimisations shall be taken to increase the data quality of the taken samples. This

can be reached by adapting the system in order to include isoaxial sampling. In order

to allow stable non-isovolumetric sampling, the direct reading aerosol measurement

systems have to be adapted, as these systems are currently based on an isovolumetric

flow. This condition does not apply to breathing processes, where the flow is highly

depending on the simulated breathing pattern, based on breathing frequency, tidal

volume, resistance of the lung equivalent and its compliance. Moreover, the stable

functionality of the aerosol dilution box is a prerequisite to gain information about

the actual particle deposition and therefore influences some measurements in this

work. The evaluation of the percentage of deposited particles within the latex bags

and the porcine lung as lung equivalents, did not lead to fully conclusive results.
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The high differences in deposition when using latex bags limit possible conclusions.

Long Term Goals & Integration in Education

Considering the achievements for the strategic long terms goals, results and

established processes show that the xPULM simulator and the established

measurement protocols support the developments in direction of a certified

calibration and testing facility and of a validated alternative to animal testing

methods. The setup allows reproducible in-/exhalation measurement of airborne

particles under various breathing conditions. However, the testing procedure has to

be elaborated specifically for the individual research goal. The integration of the

measurement setup, including all used components, into a certified testing facility

also implies calibration of all devices which can only be performed for some of the

components, but not for the xPULM itself at the current situation. A calibration

of the simulator will have to include a series of combined testing and calibration

methods, which will have to be developed in future.

Regarding the validation of the measurement setup and the developed measurement

protocols as validated alternative to animal testing methods, the presented work

covers the first steps for entering the validation process. Besides a literature based

evaluation also comparisons of measurement results with well established numerical

models will have to be performed. Moreover, the used breathing patterns are

currently limited due to the included flow sensors.

Results show that the xPULM system and its components have been successfully

integrated into under- and postgraduate courses. Especially the increasing number

of project works and master theses over time show a positive trend and reinforce the

topics of this work to be essential and interesting components of academic education

in the field of medical engineering.
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4.2 Future Challenges

The presented measurement setup with its developed and refined components

and the connected measurement protocols show to be a solid basis for further

developments. The setup provides reproducible breathing simulation possibilities

and traceable aerosol in- and exhalation measurements. However, future challenges

will have to include the following steps, amongst others:

• Allow non interfering flow measurements within the simulated trachea of the

xPULM

• Improve pressure driving system of the xPULM to compensate or reduce

leakages

• Include a higher variety of breathing patterns to the xPULM

• Evaluation of particle deposition measurements against well established

numerical models results from already published animal models

• Refine in-/ and output nozzle of the ADB by high precision manufacturing

using metal components

• Adapt aerosol measurement systems to ensure stable measurements during

bidirectional flows

• Adapt the sampling methodology to ensure iso-axial sampling, where possible

• Define measurement protocols with full metrological traceability

• Close the gap to cytotoxicity tests

• Define a set of measurement protocols and setups to be validated as an

alternative method to animal testing

The listed steps for further development will drive the measurement setup and

its components in direction of an anatomically and physiologically even more
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realistic lung simulator, closing the gap between numerical, electromechanical lung

simulation and established cell-& tissue based in vitro models.



5 Conclusion

The results of the presented work and performed tasks lead to the conclusion that the

objectives for this thesis have been met. The functionality of the lung simulator has

been confirmed. The xPULM provides reproducible breathing patterns with variable

breathing parameters. The functional integration of the optical aerosol measurement

system into the measurement setup has been confirmed. Airborne particles have

been successfully measured and analysed on the basis of number concentration and

particle size distribution during both, breathing and constant flow conditions. The

integration of the lung simulator for aerosol respiration measurements has been

evaluated, with a possible application as alternative to animal testing procedures.

The measurement setup and the lung simulator have been evaluated against state of

the art approaches and established models. Results show that the xPULM simulator

and the used measurement setups allow aerosol respiration measurements under

laboratory conditions for both, generator based as well as commercially available

aerosols. An overview about the reached goals and achieved evaluation tasks is

given in table 5.1.
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Table 5.1 – Overview about the reached goals and achieved evaluation based on the proposed

success factors and goals for this thesis (Legend – yes [Y], no [N], partially [P])

Evaluation factor
Achieved

[Y] / [N] / [P]

Results to be found in

Section

xPULM

Reproducible breathing patterns

are implemented
Y 3.2

Use of different lung equivalents

for breathing patterns is possible
Y 3.2

Variation of breathing parameters

is possible
Y 3.2

Aerosol Production

Aerosols can be characterised

by dispersity
Y 3.3

Reproducible aerosol

production is possible
Y 3.3

Particle size distribution and

number concentration can be

evaluated continuously

P 3.5

Aerosol Dilution

Dilution factor can be varied Y 3.4

Dilution factor can be set for

constant and reproducible

measurements

Y 3.4

Number concentration before

and after dilution can be

measured

Y 3.4

Influence of dilution system

on particle size distribution

is characterised

Y 3.5

Aerosol Respiration

Aerosol can be applied

continuously for in-/

exhalation using different

lung equivalents

Y 3.5

Number concentration can

be measured during

breathing simulation

Y 3.5

Particle size distribution can

be measured during breathing

simulation

P 3.5

Clinical Trials & Integration in Education

Clinical trials have been approved

for creating medically annotated

evaluation basis for breathing

patterns

Y 3.8

Measurement system and

components have been integrated

into academic courses

Y 3.8
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See first, think later, then test. But always see first. Otherwise you will only see

what you were expecting. Most scientists forget that.

Douglas Adams (1952 – 2001)
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AAppendix

A.1 Breathing Simulation Evaluation

Measurements

This section contains all acquired and post-processed breathing cycles for the

three breathing modes Sin, PI Sin and PI Breath (shown in this order). The

results depicted are sorted pagewise. One page contains the results for all tidal

volume settings for one frequency. The left column shows the isolated breathing

cycles and the right column shows the corresponding mean flow and the standard

deviation. Tidal volumes are labeled as rows A–E. Per breathing mode always the

measurements with the latex lung equivalent are listed first, and the measurements

with the porcine lung second.
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Figure A.1 – Latex – Sin mode: Isolated breathing cycles at a breathing frequency of 10 bpm

with tidal volumes VT of (A) 400, (B) 450, (C) 500, (D) 550 and (E) 600 ml and corresponding

time normalised mean breathing cycle including standard deviation with 3σ
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Figure A.2 – Latex – Sin mode: Isolated breathing cycles at a breathing frequency of 12 bpm

with tidal volumes VT of (A) 400, (B) 450, (C) 500, (D) 550 and (E) 600 ml and corresponding

time normalised mean breathing cycle including standard deviation with 3σ
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Figure A.3 – Latex – Sin mode: Isolated breathing cycles at a breathing frequency of 15 bpm

with tidal volumes VT of (A) 400, (B) 450, (C) 500, (D) 550 and (E) 600 ml and corresponding

time normalised mean breathing cycle including standard deviation with 3σ
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Figure A.4 – Latex – Sin mode: Isolated breathing cycles at a breathing frequency of 18 bpm

with tidal volumes VT of (A) 400, (B) 450, (C) 500, (D) 550 and (E) 600 ml and corresponding

time normalised mean breathing cycle including standard deviation with 3σ
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Figure A.5 – Porcine lung – Sin mode: Isolated breathing cycles at a breathing frequency

of 10 bpm with tidal volumes VT of (A) 400, (B) 450, (C) 500, (D) 550 and (E) 600 ml and

corresponding time normalised mean breathing cycle including standard deviation with 3σ
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Figure A.6 – Porcine lung – Sin mode: Isolated breathing cycles at a breathing frequency

of 12 bpm with tidal volumes VT of (A) 400, (B) 450, (C) 500, (D) 550 and (E) 600 ml and

corresponding time normalised mean breathing cycle including standard deviation with 3σ
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Figure A.7 – Porcine lung – Sin mode: Isolated breathing cycles at a breathing frequency

of 15 bpm with tidal volumes VT of (A) 400, (B) 450, (C) 500, (D) 550 and (E) 600 ml and

corresponding time normalised mean breathing cycle including standard deviation with 3σ
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Figure A.8 – Porcine lung – Sin mode: Isolated breathing cycles at a breathing frequency

of 18 bpm with tidal volumes VT of (A) 400, (B) 450, (C) 500, (D) 550 and (E) 600 ml and

corresponding time normalised mean breathing cycle including standard deviation with 3σ
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Figure A.9 – Latex – PISin mode: Isolated breathing cycles at a breathing frequency of

10 bpm with tidal volumes VT of (A) 400, (B) 450, (C) 500, (D) 550 and (E) 600 ml and

corresponding time normalised mean breathing cycle including standard deviation with 3σ
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Figure A.10 – Latex – PI Sin mode: Isolated breathing cycles at a breathing frequency

of 12 bpm with tidal volumes VT of (A) 400, (B) 450, (C) 500, (D) 550 and (E) 600 ml and

corresponding time normalised mean breathing cycle including standard deviation with 3σ
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Figure A.11 – Latex – PI Sin mode: Isolated breathing cycles at a breathing frequency

of 15 bpm with tidal volumes VT of (A) 400, (B) 450, (C) 500, (D) 550 and (E) 600 ml and

corresponding time normalised mean breathing cycle including standard deviation with 3σ
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Figure A.12 – Latex – PI Sin mode: Isolated breathing cycles at a breathing frequency

of 18 bpm with tidal volumes VT of (A) 400, (B) 450, (C) 500, (D) 550 and (E) 600 ml and

corresponding time normalised mean breathing cycle including standard deviation with 3σ
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Figure A.13 – Porcine lung – PISin mode: Isolated breathing cycles at a breathing frequency

of 10 bpm with tidal volumes VT of (A) 400, (B) 450, (C) 500, (D) 550 and (E) 600 ml and

corresponding time normalised mean breathing cycle including standard deviation σ
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Figure A.14 – Porcine lung – PISin mode: Isolated breathing cycles at a breathing frequency

of 12 bpm with tidal volumes VT of (A) 400, (B) 450, (C) 500, (D) 550 and (E) 600 ml and

corresponding time normalised mean breathing cycle including standard deviation σ
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Figure A.15 – Porcine lung – PISin mode: Isolated breathing cycles at a breathing frequency

of 15 bpm with tidal volumes VT of (A) 400, (B) 450, (C) 500, (D) 550 and (E) 600 ml and

corresponding time normalised mean breathing cycle including standard deviation σ
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Figure A.16 – Porcine lung – PISin mode: Isolated breathing cycles at a breathing frequency

of 18 bpm with tidal volumes VT of (A) 400, (B) 450, (C) 500, (D) 550 and (E) 600 ml and

corresponding time normalised mean breathing cycle including standard deviation σ
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Figure A.17 – Latex – PI Breath mode: Isolated breathing cycles at predefined breathing

frequency with adjusted tidal volumes of approximately VT of (A) 400, (B) 490, (C) 600, (D)

710 and (E) 800 ml and corresponding time normalised mean breathing cycle including the

standard deviation σ
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Figure A.18 – Porcine lung – PI Breath mode: Isolated breathing cycles at predefined

breathing frequency with adjusted tidal volumes of approximately VT of (A) 400, (B) 490,

(C) 600, (D) 710 and (E) 800 ml and corresponding time normalised mean breathing cycle

including the standard deviation σ
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A.2 Aerosol Deposition Evaluation

The evaluation of the reporducibility and the integration of an optical aerosol

measurement system into the entire setup was performed using the polydisperse

aerosol of the AGF 2.0 generator. Measurements included the breathing frequencies

10, 15 and 18 bpm and the tidal volumes 400, 500 and 600 ml. This section contains

all performed measurements per breathing frequency and a corresponding exemplary

set of 1 min duration for aerosol deposition measurement. One page includes the

measurements of one breathing frequency.
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Figure A.19 – AGF – Latex: Overview of the entire measurement set for DEHS based

aerosol at a breathing frequency of 10 bpm at the tidal volumes of (A) 400 ml, (B) 500 ml and

(C) 600 ml as well as a representative 1 min sample for aerosol deposition analysis
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Figure A.20 – AGF – Latex: Overview of the entire measurement set for DEHS based

aerosol at a breathing frequency of 15 bpm at the tidal volumes of (A) 400 ml, (B) 500 ml and

(C) 600 ml as well as a representative 1 min sample for aerosol deposition analysis
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Figure A.21 – AGF – Latex: Overview of the entire measurement set for DEHS based

aerosol at a breathing frequency of 18 bpm at the tidal volumes of (A) 400 ml, (B) 500 ml and

(C) 600 ml as well as a representative 1 min sample for aerosol deposition analysis
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Figure A.22 – AGF – Porcine lung: Overview of the entire measurement set for DEHS based

aerosol at a breathing frequency of 10 bpm at the tidal volumes of (A) 400 ml, (B) 500 ml and

(C) 600 ml as well as a representative 1 min sample for aerosol deposition analysis
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Figure A.23 – AGF – Porcine lung: Overview of the entire measurement set for DEHS

based aerosol at a breathing frequency of 15 bpm (left column) and 18 bpm (right column) at

the tidal volumes of (A) 400 ml, (B) 500 ml and (C) 600 ml after irreversible malfunction of

the ADB
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A.3 Clinical Trials

Two clinical trials (1 retrospective and 1 prospective) have been handed in and have

been approved for further evaluation steps of the xPULM simulator.
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Figure A.24 – Approval of the ethics committee for the prospective clinical trial with trial

number CHTMAD-p-002
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Figure A.25 – Approval of the ethics committee for the retrospective clinical trial with trial

number CHTMAD-p-001
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A.4 Aerosol Reservoir
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Figure A.26 – CAD drawing of the aerosol reservoir including main dimensions



BSymbols & Physical Constants

Symbols

Symbol Description Unit

Ap Aerosol primary —

Apc Aerosol particles from can —

Apm Aerosol particles monodisperse —

App Aerosol particles polydisperse —

C Compliance l/hPa

CC Cunningham slip correction factor —

Cd Concentration diluted aerosol Particles/cm3

CD Coefficient of drag —

CN Number concentration Particles/cm3

Cu Concentration undiluted aerosol Particles/cm3

d Diameter m

D Diffusion coefficient —

D0 Cross sectional area of transport tube m2

DS Cross sectional area of sampling probe m2

da Aerodynamic diameter m

de Equivalent diameter m

dp Diameter of the particle m

dS Stokes diameter m

(to be continued)
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(continued)

Symbol Description Unit

f Frequency Hz/bpm

FD Drag force N

JD Diffusion flux —

kv Dilution factor —

n Number of moles —

P Pressure Pa

PAR Pressure in Aerosol Reservoir Pa

Pdi Pressure at device input Pa

Pdo Pressure at device output Pa

Psa Pressure of supply air Pa

PTC Pressure in Thoracic Chamber Pa

q Flow l/min

q0 Ambient gas flow l/min

qA Flow of produced aerosol l/min

qd Flow diluted aerosol l/min

qdo Flow at device output l/min

qe Flow at exhaust output l/min

qeq Flow for equilibrium l/min

qr Flow during respiration l/min

qs Sampling flow l/min

qsa Flow of supply air l/min

qu Flow undiluted aerosol l/min

Re Reynolds number —

rH Relative humidity %

Ri Inner Resistance (device) hPa/l ·min-1

RP Resistance (pulmonary) hPa/l ·min-1

T Temperature ℃
U Sampling stream velocity m · s-1

U0 Ambient gas velocity m · s-1

V Velocity m · s-1

v Volume l

VR Residual Volume l

VT Tidal Volume l

VTS Terminal settling velocity m · s-1

η Viscosity PI

λ Wavelength m

% Density kg ·m3

(to be continued)
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(continued)

Symbol Description Unit

%0 Standard particle density 1000 kg ·m3

%b Density of bulk material kg ·m3

%g Density of the gas kg ·m3

%p Density of the particle kg ·m3

ϕ Angle of the ADB input nozzle °
χ Dynamic shape factor —

τ Time constant s

Θ Angle of sampling nozzle °
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Physical Constants

Name Symbol Value

Boltzmann constant k 1, 3806504× 10−23 J ·K−1

Gravitational acceleration at sea level g 9, 80665 m · s−2

Universal gas constant R 8, 314472 J ·K−1 ·mol−1

Speed of light in vacuum c0 2, 99792458× 108 m · s−1

Legend: Pa – Pascal (Pressure); m – meter (length); s – second (time); J – Joule (energy); K – Kelvin

(temperature); N – Newton (force); mol – mole (quantity of matter); Hz – Hertz (frequency); m2 – square meter

(area); m3 – cubic meter (volume);
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