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A B S T R A C T

This study presents the first in-vitro visualization of aerosol deposition from the trachea up to the 
10th bifurcation in a transparent airway model. The airway model simulates a representative 
respiratory tract of the left lower lobe and consists of all 23 generations of a human lung. Laser- 
induced fluorescence (LIF) was used to investigate the temporal and spatial deposition behavior 
of aerosols generated by a jet nebulizer along the representative airway. The in-situ measured LIF 
signal correlates to the amount of deposited aerosol during spontaneous breathing. By the means 
of LIF-image post-processing the temporal course of the LIF signal in each of the first eight bi
furcations is correlated to the main aerosol deposition mechanisms, i.e. inertial impaction and 
gravitational settling, in the conductive airways. Depending on the time point in the respiratory 
cycle either one of both deposition mechanisms dominates the current aerosol deposition. The 
spatial analysis over eight subsequent bifurcations shows the diminishing influence of the inertial 
deposition mechanism over deeper bifurcations. Further, the duration of gravitational settling 
decreases over the bifurcations depending on the accompanying airway diameters of each 
bifurcation. The introduction of the dimensionless Froude number allows the comparison of the 
measured aerosol deposition to existing research and demonstrates that the proposed threshold 
limit in literature of Froude <5 matches well to the gravitational settling regime observed in the 
transparent airway. For Froude >5 mainly the inertial impaction is observed as mechanism for 
aerosol deposition in this set-up. An error analysis is performed for evaluating the influence of the 
low relative humidity of the inhaled air on the aerosol evaporation and deposition. This feasibility 
study shows the capability of the measurement method in combination with the airway model to 
resolve the aerosol deposition up to the eighth bifurcation. In future, this analysis should be 
extended to higher airway generations by microscopic LIF imaging to evaluate the deposition 
mechanisms in all 23 generations of the transparent airway model.
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1. Introduction

1.1. Main influencing parameters for aerosol deposition mechanisms in the human lung

Delivering therapeutics to targeted regions in the lungs is a major challenge (Borghardt et al., 2018). Effective drug administration 
is crucial for managing a range of lung diseases, including asthma, acute respiratory distress syndrome (ARDS) or chronic obstructive 
pulmonary disease (COPD) (Artigas et al., 2017; Barjaktarevic & Milstone, 2020; McCracken et al., 2017). Modern treatments rely 
mainly on delivering medication through nebulizer- and inhaler-generated aerosols or powders, which are inhaled either by me
chanical ventilation or by spontaneous respiration. The site of drug delivery in the human lung with the aim of distal airway pene
tration and a uniform drug distribution is important for the efficacy of the delivered drug and is mainly dependent on i) the aerosol size 
containing the drug, on ii) the respiration, and on iii) the type of inhalation device (Borghardt et al., 2018). Other parameters are the 
patient-specific variability of the lung anatomy, which influences the local respiratory flow behavior, and the disease-specific inha
lation profile of the patient (Williams et al., 2022, 2024).

Nebulizers deliver the drug-containing aerosol in a continuous mode whereas soft mist inhaler, dry-powder inhaler and pressurized 
metered-dose inhaler need to be actuated by the patient’s inspiratory flow or manually by device actuation which requires a proper 
handling of the device (Barjaktarevic & Milstone, 2020). Depending on the device different breathing patterns are required for a 
correct and effective delivery of drugs (Barjaktarevic & Milstone, 2020). The size of aerosols in combination with the respiratory flow 
rate determine the deposition field in the human lung. Large particles (>5 μm) tend to deposit in the mouth and the upper airways, 
whereas smaller particles (0.5–5 μm) are delivered more distally into the lungs, partially reaching the alveolar region (Borghardt et al., 
2018; Sznitman, 2013). The deposition mechanisms such as i) the inertial impaction, ii) the gravitational settling or sedimentation, and 
iii) the Brownian diffusion influence the site of pulmonary drug delivery and are highly dependent on the aerodynamic diameter of the 
drug-containing aerosol or particle (Carvalho et al., 2011).

The inertial impaction is related to the incapability of the aerosol to follow the inhaled air stream due to the inertial momentum of 
the aerosol. During directional changes of the air stream as for example in bifurcations, the inertia of the aerosol leads to differing 
trajectories to the air stream resulting in collisions with the airway walls (Carvalho et al., 2011; Darquenne, 2012). The probability of 
inertial impaction is estimated by the non-dimensional Stokes number. The Stokes number is calculated as 

Sti =
(

ρp d2
p Ui

) /
(18 μ Di) (1) 

with dp as particle diameter and ρp as particle density. Ui is the average air velocity, Di is the diameter of the airway generation i and 
μ is the dynamic viscosity of air. The Stokes number represents the ratio of the particle response time to the characteristic flow time 
scale (Tropea et al., 2007). Large Stokes numbers refer to inertial impaction, whereas low Stokes numbers refer to a stream-following 
aerosol whose deposition behavior is affected by gravitational settling or Brownian diffusion. According to Sznitman et al. (Sznitman, 
2013) aerosols with dp > 8 μm tend to deposit by inertial impaction whereas for aerosols in the range 1< dp < 8 μm the deposition 
mechanism of gravitational settling is prevalent. Inertial impaction is mostly important in the extra-thoracic and the upper airways due 
to high flow velocities and are mostly found in the bifurcations on the carinal ridge (Comer et al., 2001; Zeng et al., 2000).

For estimating the influence of gravitational settling, a sedimentation parameter γi is proposed in literature (Chen et al., 2018; 
Kleinstreuer et al., 2007): 

γi =
(
vsettling L cos θi

) /
(Ui Di) (2) 

with the airway tube length L, the airway inclination angle θi to the horizontal and the settling velocity vsettling, defined as 

vsettling =
(

ρp g d2
p

) /
(18 μ) (3) 

with g as gravitational acceleration. Gravitational settling dominates for γi > 0.1 and inertial impaction dominates for γi < 0.001 
according to Kleinstreuer et al. (Kleinstreuer et al., 2007). Note that the proposed sedimentation parameter is evaluated for aerosol 
diameter between 1 and 10 μm. However, for very small particles below that range the sedimentation parameter could lead to values 
below 0.001 indicating the deposition mechanism of inertial impaction. For very small particle sizes the inertial impaction is negligible 
due to very low Stokes numbers and the ability to follow the air stream.

The dominance of gravitational settling is time-dependent (Zeng et al., 2000); Certain breathing behaviors such as breath-holding 
improve drug deposition by this deposition mechanism due to a longer duration of zero air velocities in the airways (Zeng et al., 2000). 
Aerosol deposition due to gravity occurs more likely in the lower bronchial and alveolar regions where respiratory flow rates are low 
(Zeng et al., 2000).

The diffusion by Brownian motion is dominant for aerosols smaller than 0.5 μm in diameter (Sznitman, 2013) and is inversely 
dependent on the aerosol diameter as shown in the following formula (Carvalho et al., 2011; Darquenne, 2012) 

DB =(k T)
/ (

3 π μ dp
)

(3) 

with the diffusion coefficient DB, the Boltzmann’s constant k, and the absolute temperature T. Especially nanosized particles (<200 
nm) are depositing in all regions of the lung by Brownian diffusion (Cheng, 2014). However, this deposition mechanism is dominant in 
the alveolar region, due to the low air velocities in this region with immediate proximity to the alveolar walls and because this region is 
mainly reached by aerosols below 2 μm in size (Darquenne, 2012; Sznitman, 2013; Xi et al., 2020; Zeng et al., 2000).
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For the development of adequate inhalation therapies, the three parameters aerosol size, inhalation device, and respiratory flow 
need to be optimized with respect to the resulting deposition fields due to the interplay of the different deposition mechanisms 
throughout the breathing cycle. Therefore, deposition field visualization and analysis are needed for the evaluation of the effectiveness 
of inhalation therapies.

1.2. Aerosol deposition analysis by in-vivo imaging techniques

In-vivo imaging techniques of aerosol deposition fields in the human lung are currently performed by the inhalation of radio- 
labelled tracers. Nuclear imaging techniques such as 2D-scintigraphy, Single Photon Emission Computed Tomography (SPECT) or 
Positron Emission Tomography (PET) (Conway, 2012; Lizal et al., 2018) deliver more qualitative information on the total and regional 
lung deposition fields in the human lung than a quantitative evaluation of the accurate aerosol deposition location. These techniques 
are lacking certain detection accuracies on the deposition fields due to the low spatial image resolution, low temporal resolution, 
disturbing motion effects of the breathing subject, and, in the case of 2D-scintigraphy, the projection of the deposition field onto a 2D 
image (Lizal et al., 2018). The lacking spatial resolution leads to indistinguishable airways, particularly after the upper airways. 
Consequently, the aerosol deposition cannot directly be allocated to certain airway generations (Conway, 2012). The quantification of 
aerosol deposition with 2D-scintigraphy imaging leads to varying results due to the arbitrary segmentation of the 2D image into 
different region of interests, i.e. the non-standardized definition of central and peripheral lung regions, in various laboratories 
(Biddiscombe et al., 2011). The more complex imaging technique SPECT combined with computer-tomography (SPECT-CT) leads to 
improved aerosol deposition analysis in comparison to 2D imaging. The measured 3D data of deposited aerosols can be divided into ten 
three-dimensional ‘shells’, with the first shell representing the central region around the hilum and the tenth shell representing the 
most peripheral region of the lung (Conway, 2012; Dugernier et al., 2017). Despite the more physiological data segmentation it re
mains an arbitrary approach with the need of standardization (Conway, 2012; Dugernier et al., 2017). However, the arbitrarily 
segmented shells can be correlated to airway generations by using the theory of Weibel’s model (Fleming et al., 2004).

Overall, the current in-vivo imaging methods are restricted to the total and regional pulmonary deposition in a broad manner, 
divided in central and peripheral regions or shells (Dugernier et al., 2017). The distribution of aerosol deposition is not evaluated at the 
local level of individual airway generations or at sub-airway resolution, and consequently, no conclusions can be drawn about the 
actual site of drug action, which may be important for estimating the efficacy of inhalation therapy.

1.3. Aerosol deposition analysis by in-vitro measurement techniques

Current research on more detailed aerosol deposition fields in the human lungs involves mainly numerical simulations (in-silico) to 
enable a better understanding of the transport mechanisms and their resulting deposition patterns (Feng et al., 2021; Hofmann, 2020; 
Islam et al., 2020). In comparison, experimental in-vitro research on aerosol deposition in a holistic human lung replication is lacking 
due to the complexity of replicating the human lung from the extra-thoracic airways starting with the mouth or nasal cavity over the 
upper airways to the alveoli. The airway diameter varies from the trachea to the alveoli with a factor of 45 with a simultaneous change 
of the volume flow rates by a factor of 107 (largest to smallest volume flow rate) (Möller et al., 2021; Yeh & Schum, 1980). The 
technical realization of a holistic human lung replication requires a high manufacturing accuracy for the complex lung geometry and 
demands a sophisticated technical system for controlling the flow rates over several airway generations. Further, the number of 
airways increases exponentially with every generation which increases further the complexity of the replication system (Ahookhosh 
et al., 2020).

Several in-vitro studies examined the flow structure in the upper human airways (Groβe et al., 2007; Janke et al., 2019; Xu et al., 
2020) and in the acinar region (Berg et al., 2010; Oakes et al., 2010; Sera et al., 2021) by Particle Image Velocimetry (PIV). Few 
experimental in-vitro studies of the human lung exist regarding i) the liquid aerosol deposition (Cheng et al., 1999; Holbrook & 
Longest, 2013; Nordlund et al., 2017; Su & Cheng, 2009; Zhang & Finlay, 2005; Zhou & Cheng, 2005), ii) the dry particle deposition (R. 
Delvadia et al., 2013; R. R. Delvadia et al., 2012; Holbrook & Longest, 2013) and iii) the fiber deposition (Su & Cheng, 2006a, 2006b, 
2009).

The in-vitro studies for i) the liquid aerosol deposition and iii) the fiber deposition focus mainly on the upper airways considering all 
branches and the mouth-throat geometry, are based on steady flow rates and measure ex-situ the integral mass of aerosol deposition in 
segmented lung model areas after a certain measurement time. In Zhang et al. (Zhang & Finlay, 2005) aerosol deposition is measured in 
a fully reconstructed, idealized and planar lung model from the mouth to the third generation by gravimetry of segmented parts and 
filters at the outlets of the lung model. A similar approach of measuring deposited aerosols at filter positions and segmented model 
parts is used by Zhou et al. (Zhou & Cheng, 2005) and Cheng et al. (Cheng et al., 1999) by the method of fluorescence spectrometry to 
determine the mass of aerosol deposition. The lung model in both cases is fully reconstructed up to the third generation by using a lung 
cast of a human cadaver. By coating the same lung model by silicon oil, the lung model was able to capture fibers such as carbon, glass 
or TiO2 fibers at the deposited position. The fractional deposition was calculated by washing out the segments and counting the fibers 
under the microscope (Su & Cheng, 2006a, 2006b, 2009). Nordlund et al. (Nordlund et al., 2017) extended the fully reconstructed 
human lung model based on casts to the seventh generation and measured the content of deposited aerosols in each segment by gas 
chromatography-mass spectrometry.

For the deposition analysis of ii) dry particles, a lung model with idealized geometry and asymmetric bifurcations up to the third 
generation was used for testing dry particle inhaler (DPI) (Delvadia et al., 2013; R. R. Delvadia et al., 2012). Similar to the in-vitro 
approach for fiber deposition the lung model was coated in order to create a wet surface for capturing the dry particles. A breath 
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simulator created a global transient inhalation profile for the application of the different inhaler devices. The drug deposition in the 
coarse segments of the mouth-throat, the trachea-bronchi, the plexiglas housing and a filter were analyzed by high-performance liquid 
chromatography. A higher spatial resolution was achieved by Holbrook et al. (Holbrook & Longest, 2013) in the planar and asym
metric generations 3 to 5 by the use of fluorescent particles with steady flow rates. Here, the particles were counted via a microscope in 
0.75 mm squares in each disassembled half of the model leading to a grid showing the locally resolved deposition fraction.

These in-vitro studies show the potential of experimental research on liquid aerosol, particles or fiber deposition and were partially 
able to increase the spatial resolution to distinct airway generations and bifurcations in comparison to in-vivo studies. The calculation 
of regional deposition fractions (Nordlund et al., 2017), deposition efficiencies (Cheng et al., 1999; Nordlund et al., 2017; Zhang & 
Finlay, 2005; Zhou & Cheng, 2005) and IVIVICs (Longest & Holbrook, 2012a, 2012b) lead to the possibility of validating theoretical 
models (Zhou & Cheng, 2005) or numerical simulations (Nordlund et al., 2017) and to the correlation of in-vivo with in-vitro mea
surements (Longest & Holbrook, 2012a, 2012b). Due to the restriction on mostly constant flow rates (15–90 L/min) and the limitation 
of representing the upper lung geometries, the deposition mechanism of inertial impaction is overrepresented. The influence of 
gravitational settling is reduced by the lack of low flow rates which are apparent in physiological breathing cycles. The deposition 
analysis is spatially limited to segments of the lung model and due to the ex-situ measurement method, the temporal resolution of the 
deposition analysis is lacking.

1.4. Aerosol deposition analysis by optical in-vitro measurements in the transparent airway model

In contrast to the in-vitro models found in literature, the idealized airway model in this study does not consider all branches up to a 
certain airway generation, but replicates a representative respiratory tract of the left lower lobe from the trachea to the 23rd gen
eration (Gürzing et al., 2022; Möller et al., 2021). An extra-thoracic airway is implemented on top of the trachea. The airway has a 
planar configuration with symmetrical bifurcations. These simplifications lead to the possibility to optically capture the whole airway 
model in one camera view leading to a simplified camera set-up and fast measurements. Instead of constant flow rates, a more 
physiological respiratory cycle with inhalation and exhalation is realized. The airway model is manufactured in fused quartz glass with 
polished surfaces which ensures a high surface quality. The transparency and surface quality of the model allow the use of optical 
measurement techniques, with the possibility of microscopic imaging down to the smallest airways. In former studies, optical mea
surement methods such as high-speed shadowgraphy or laser-induced fluorescence (LIF) are used to visualize aerosols streaming in the 
air (Möller et al., 2021) or the deposition and behavior of large liquid plugs and films in the airway model (Gürzing et al., 2022). By 
using optical in-situ measurement techniques such as laser-induced fluorescence, no physical segmentation of the airway model is 
required for the investigation on aerosol deposition. This leads to the possibility to visualize aerosol deposition in real-time with a 
higher temporal and spatial resolution i.e. on the level of airway generations and even sub-airway resolution in comparison to the 
segmented in-vitro models in literature (compare to section 1.3). With these technical advantages the airway model may improve the 
fundamental understanding of aerosol deposition mechanisms by experimental in-flight (Möller et al., 2021) and deposition field 
measurements (Gürzing et al., 2022). Secondly, the airway model can be used to rapidly test the deposition fields of different inha
lation devices and, thirdly, the airway model can serve as a validation tool for numerical simulations and theoretical models in future. 
However, the geometrical simplifications in the airway model as the idealized airway geometry, symmetrical bifurcations, a planar 
configuration, and the restriction to the left lower lobe needs to be validated against in-vivo studies in terms of flow structure and 
aerosol deposition.

A: B:

extra-thoracic 
airway: oral cavity,
pharynx and larynx

throttle system

flow
control

airway model

jet 
nebulizer

fluorescent
aerosols:

λem=520 nm 
laser diode: 
λex=450 nm

electron-multiplied
CCD camera

filter
combination

airway model

pressurized
air 

Front view Side view

g

objective

Fig. 1. Concept of the test rig and the measurement method of laser-induced fluorescence (LIF). A: Transparent airway model in front view with 
mounted extra-thoracic airway (ETA) and connected piston pump with throttling system to control breathing cycle and volume flows in each airway 
generation. B: LIF measurement method, which consists of a CW laser diode (emitting an expanded laser beam on the transparent airway model to 
excite the fluorescent dye in the aerosols) and an EMCCD camera with objective and filter combination (imaging the fluorescence of the deposited 
aerosols). The fluorescent aerosols are produced by a jet nebulizer.
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In this study, the general feasibility of the transparent airway model for an in-situ LIF analysis of the aerosol deposition is assessed. 
The aerosol deposition from the 1st to the 10th bifurcation is evaluated regarding the involved deposition mechanisms and is compared 
with the existing literature using relevant dimensionless numbers. The influence of the inhaled air humidity on the physiological 
interpretation of aerosol deposition in a currently non-self-humidifying airway model is also evaluated.

2. Material and methods

2.1. Composition of the airway model and respiratory cycle

The transparent airway model shown in Fig. 1A and more detailed in Fig. 3A combines two different lung models from literature, 
the “typical Path Lung Model” of the left lower lobe by Yeh and Schum (Yeh & Schum, 1980) and the “Physiologically Realistic 
Bifurcation Model” (PRB) by Heistracher and Hoffmann (Heistracher & Hofmann, 1995). More information on the airway geometry is 
summarized in Möller et al. (Möller et al., 2021). The airway model comprises one representative pathway of a male left lower lobe 
from the trachea (generation 0, abbreviated as G0) to the highest airway of the human lung (G23). Its geometry is aligned in a planar 
way, meaning there is no rotation of the bifurcations out of the plane. This planar arrangement provides optical access to the entire 
airway model and allows to evaluate all generations simultaneously by a single camera shot, ensuring optimal comparisons between 
different locations. The airway model is mounted in such a way that the symmetry plane and the trachea are vertically aligned, i.e. in 
direction of gravity, as shown in Fig. 1. Note that the chosen orientation has a great impact on the gravitational settling of the aerosols. 
An idealized extra-thoracic airway (ETA) is implemented as 3D-print to the inlet of the airway model for a more physiological inflow. 
This geometry is based on existing literature (“Alberta model”) and consists of the oral cavity, pharynx, epiglottis, and larynx with the 
exclusion of nasal features (Azarnoosh et al., 2020; Heenan et al., 2003; Johnstone et al., 2004). As indicated in Fig. 1B, a standard 
medical jet nebulizer (item nr. 30148, Hsiner CO., LTD, Taiwan) is placed in front of the ETA, with the horizontal exit channel as close 
as possible to the angled inlet of the ETA. The jet nebulizer generates a fine mist of aerosols with pressurized air of 1 bar (gauge). The 
inlet of the jet nebulizer’s flow channel (on the left) is closed for guiding the outflowing aerosols into the direction of the airway model 
(to the right). The small gap between the exit channel of the jet nebulizer and the ETA allows ambient air to enter the airway model 
during inhalation. Using the phase Doppler technique, the aerosol mist at the outlet of the jet nebulizer is characterized with an 
arithmetic mean diameter D10 of 4.43 μm and a Sauter mean diameter D32 of 14.58 μm by Möller et al. (Möller et al., 2021). Further, 
the mass median aerodynamic diameter MMAD is 24.44 μm and the geometric standard deviation GSD is 1.64, indicating a poly
disperse aerosol distribution.

The breathing pattern in the airway model is generated via a piston pump which is controlled by a stepper motor (drylin® ZLW- 
1040, igus GmbH, Germany) and an in-house control software (LabVIEW, National Instruments Corp., USA). As described in Möller 
et al. (Möller et al., 2021) an overall breathing pattern with a tidal volume of 0.5 L (based on 7 mL/kg bodyweight) and maximum flow 
rate of 0.5 L/s (Kleinstreuer et al., 2007) is chosen to simulate the breathing at rest of a healthy person with a bodyweight of 70 kg 
(Larsen, 2016; Westhoff & Rühle, 2011). The implemented flow-volume curve of the breathing pattern is shown in Fig. 2B. The 
physiological values of the chosen tidal volume and maximum flow rate of 0.5 L/s are combined in a sinusoidal flow-volume curve for 
the inspiration and expiration. This shape leads to the respiratory flow rate over time as shown in Fig. 4A.

The volume flow of the piston pump is distributed to the generations by a throttle-rotameter-system (Omega Engineering, Inc., 
USA) (Möller et al., 2021).The volume flows from G1 to G14 are separately adjusted, while one single rotameter-throttle-system 
controls the flow rate from G15 to G23 due to the low flow rates in these generations. A physiological asymmetric flow distribu
tion is set at the lobar bronchi with 46 % of the total volume flow for G1 in the respiratory tract (left lobe of the lung) and 31 % at G2 
(left lower lobe) in accordance to Longest et al. (Longest et al., 2012). In subsequent bifurcations the flow division is assumed to be 
symmetric (Longest et al., 2012; Möller et al., 2021).The room temperature during measurements is constant at 21 ◦C, and the air 
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Fig. 2. A: Measured droplet size distribution of the used jet nebulizer (Möller et al., 2021). B: Implemented flow-volume curve for tidal breathing, 
calculated with the specific breathing volume of 7 mL/kg for a person of around 70 kg weight (Larsen, 2016; Westhoff & Rühle, 2011) and a 
maximum flow rate of 0.5 L/s (Kleinstreuer et al., 2007).
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humidity is estimated to be in the range of 40 %–60 % relative humidity (RH).

2.2. Visualization of aerosol deposition by laser-induced fluorescence

For the purpose of visualization of deposited aerosols in the airway model, the laser-induced fluorescence (LIF) technique is used. A 
soluble fluorescent tracer pyranine (item number: H1529-1G, Merck, Germany) is added to deionized water (0.05 % w/v). This so
lution is embedded into the jet nebulizer for producing fluorescent aerosols. Further, the beam of a CW laser diode (60 mW, Picotronic 
GmbH, Germany) with a wavelength of 450 nm is expanded in order to fully illuminate the airway model. The fluorescent dye in the 
deposited aerosols is excited by the laser diode and emits fluorescence light with a central wavelength of approximately 520 nm. This 
fluorescent light is captured by an electron-multiplying CCD camera (iXon3 888, Andor Technology Ltd., Northern Ireland) with an 
objective lens (50 mm, 1:1.2, NIKKOR, Nikon, Japan), resulting in a scale of 0.22 mm/pixel. A filter combination in front of the lens 
consisting of a bandpass filter (CW: 515 nm ± 10 nm, Thorlabs, Inc., USA) and a long-pass filter (cut-on wavelength: 475 nm, Qioptiq 
Linos Inc., USA) filters out reflected laser light. The camera is synchronized and triggered to the start of each inhalation, capturing each 
breathing cycle with 41 images at a rate of 5 fps with an exposure time of 0.05 s. In total, the LIF signal of depositing aerosols in the 
airway model is imaged over ten subsequent breathing cycles with a total measuring time of 83.06 s. The resulting LIF images are 
represented in 16-bit grayscale images.

Fig. 3. A: Photograph of the airway model with indication of the generations G0 to G3 and regions of Interest (ROI) representing the bifurcations. B: 
Averaged LIF image by laser-induced fluorescence at time step t = 5.8 s. White boxes define the ROIs of bifurcations B1 - B10 for image post- 
processing. Bright pixel represents an accumulation of deposited aerosols.
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ten breathing cycles. The increase of signal is attributed to the deposition of aerosols, whereas the decrease of signal can be assigned to the 
evaporation of deposited aerosols.
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2.3. Post-processing of laser-induced fluorescence images

The LIF images are evaluated in ten different regions of interest (ROIs) as shown in Fig. 3B, each representing the respective bi
furcations B1 to B10 consisting of airway generations G0-G10. The locally resolved LIF intensity within the ROIs can be used as an 
indicator for the deposition performance in the bifurcation; the LIF intensity in each pixel is expected to correlate with the mass of 
deposited aerosols.

For further discussion on deposition performance, the LIF images are post-processed as follows over the whole image and within the 
ROIs. 

1) The LIF images of the ten sequential breathing cycles are used to generate an averaged set of LIF images over the breathing cycle. 
The arithmetic averaging is performed for each measured time point within the breathing cycle (41 images at a rate of 5 fps, 
triggered to the start of each inspiration).

2) For eliminating the remaining laser light on the LIF images, a background subtraction is applied leading to a better visualization of 
the aerosol deposition. The first averaged LIF image at time point t = 0 s (start of the inspiration) is taken as reference image for 
reflected laser light and is subtracted from all averaged LIF images. Note that this first image does not include fluorescent signal.

3) In each ROI and the entire image, a mean LIF intensity value (hereafter referred to as “LIF intensity”) is calculated over the chosen 
area, for each time step in the breathing cycle. Due to the previous subtraction of the reference image of the laser light (corre
sponding to the first averaged LIF image), the LIF value of the first time step (t = 0 s) is exactly zero. Because of the signal noise in 
the camera chip, the LIF values of the subsequent time steps are slightly elevated compared to the first image, although no aerosol 
deposition is visible.

4) For a better comparability between the ROIs, a normalization is performed on the LIF intensities of each ROI between the baseline 
intensity and the maximum intensity, resulting in the LIF intensity curves shown in Figs. 4B and 5C. The baseline intensity is the 
average intensity between t = 0.2 s–1.8 s. In this timespan, no aerosol deposition is detected in the LIF images and in the mean LIF 
intensities in Figs. 4B and 5C. This is plausible if the arrival time of the first aerosols to the location of B1 is considered. A con
servative estimation on the arrival time of the first aerosols to B1 is calculated to 1.84 s, based on the actual volume flow rate as well 
as the lengths and diameters of G0 (L = 100 mm, Di = 20.1 mm) and of the extra-thoracic airways (L = 235 mm, Di = 20.1 mm). The 
ETA consists of a complex geometry and one of the smallest diameters of the ETA (Di = 20.1 mm) is taken as calculation basis for the 
conservative estimation, resulting in a faster estimated arrival time of the aerosols. Therefore, slightly longer arrival times are 
expected in the airway model.

5) The LIF gradient in Fig. 5D is calculated by the forward difference of the normalized LIF intensities from Fig. 5C. Through the 
forward difference calculation, the LIF gradient appears slightly shifted to the left in comparison to the measured LIF intensities.

For a better understanding of the post-processing of the data, the videos showing i) the measured LIF images over ten breathing 
cycles, ii) the averaged LIF images, and subsequently iii) the LIF images (averaged and unaveraged) with subtracted laser reference are 
provided in the supplementary data. Furthermore, the standard deviations (SD) of the mean LIF intensity of all ROIs and the laser 
reference image are shown in the supplementary data.

3. Results and discussion

3.1. Deposition and evaporation of aerosols in the whole airway model

The total volume flow rate of the respiratory cycle is plotted over time in Fig. 4A. In comparison, the normalized LIF intensity of the 
whole image is shown in Fig. 4B. In the following, characteristics of the intensity curve will be described and related to transport 
mechanism at droplet level.

The LIF intensity progression over the breathing cycle in Fig. 4B can be subdivided in three different time-intervals, each showing a 
characteristic behavior: i) a time-interval with low and stagnant LIF intensity, containing the minimum baseline for normalization (t =
0.2–1.8 s), ii) a time-interval with nearly continuous increase of the LIF intensity (t = 1.8–5.8 s) and iii) a time-interval with decreasing 
LIF intensity until reaching the baseline again (t = 5.8–8 s).

In the first time-interval no aerosol deposition is seen in the airway model. As estimated in a conservative calculation in section 2.3. 
The first inhaled aerosols arrive at the first bifurcation B1 after t = 1.84 s and thereafter at subsequent bifurcations. Note that due to the 
post-processing (subtraction of the laser light reference in step 2) no LIF signal is apparent in the first LIF image. This LIF value is 
shifted into the negative through the normalization between the baseline and maximum LIF value.

In the second time-interval between t = 1.8 s–5.8 s a rising fluorescence is captured by the optical system, indicating aerosol 
deposition in the airway model. The deposition starts approximately at the inflection point of the inhalation flow rate and ends 
similarly around the inflection point of the exhalation flow rate. When the inhalation flow rate decreases close to 0 L/s at t = 3.5 s, the 
normalized LIF intensity in Fig. 4B is around 0.5, indicating that only half of all deposited aerosols have been impacted during 
inhalation at higher flow rates. The other half deposits afterwards during low flow rates and even at slightly elevated flow rates during 
exhalation. Note that the above results are based on an integral evaluation of the entire image and thus include not only the entire 
representative airway tract but also non-physiological geometries such as the exit channels of the individual airway generations. 
However, this LIF intensity behavior of the whole image shows that both - low as also higher flow rates - are contributing to the 
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deposition of aerosols. This implies the influence of different aerosol deposition mechanisms such as inertial impaction during higher 
flow rates and gravitational settling during low flow rates. A more detailed analysis of the responsible transport mechanisms will be 
performed in the evaluation of the LIF intensities of the bifurcations without remaining unphysiological geometries in the next section 
3.2.

The third time-interval shows the decrease of LIF intensity to the initial LIF baseline starting with increasingly higher exhalation 
flows. This behavior is explained by the evaporation of the deposited aerosols in the airway model. After evaporation the tracer loses its 
fluorescence in dry state and cannot be captured by the camera set-up. During exhalation, air with low relative humidity originating 
from the piston pump and the tubes to the airway model streams over the deposited aerosols, causing evaporation of the deposited 
droplets through convection. The inhaled and exhaled air stream in the airway model is not regulated to physiological values of nearly 
saturated air with 99.5 % RH and 37 ◦C air temperature downstream the trachea (Ferron et al., 1988) and fast evaporation can take 
place at room temperature of 21 ◦C and a moderate estimated room humidity in the range of 40–60 % RH. For reference, a water 
droplet with a 10 μm diameter completely evaporates in 0.2 s in stagnant air at 20 ◦C and 50 % RH, whereas the droplet lifetime 
increases to around 13 s at physiological conditions of 37 ◦C and 99.5 % RH (G. Ferron & Soderholm, 1990). Therefore, the influence of 
unregulated air humidity in the airway model and of the inhaled air on the physiological relevance of the deposition measurements is 
closely assessed in section 3.5.1.

3.2. Aerosol deposition over bifurcations B1 to B10

In this section a bifurcation-specific discussion on the deposition behavior is carried out, based on the normalized LIF intensity and 
its temporal gradient. Fig. 5A shows an exemplary sequence of the recorded and contrast-stretched LIF images of bifurcation B1 over 
the respiratory cycle. Contrast-stretching is a method for increasing the contrast in the image. The minimum and maximum available 
grey value is adjusted to the entire value range of a 16-bit image. The contrast-stretched LIF images are shown for a better visualization 
of the deposition pattern.

The LIF images and contrast-stretched LIF images of B1 show qualitatively the temporal course of aerosol deposition over the 
breathing cycle, based on the quantitative change of LIF intensity in Fig. 5C. The LIF images show a gradual increase in LIF intensity 
and thus aerosol deposition at the bifurcation. The bifurcation is brightest at t = 5.8 s with a maximum normalized LIF intensity of 1. 
The brightness in the LIF image is highest at the carinal ridge (center of the image) and gradually decreases on the inner sides of the 
bifurcation into distal direction. A high aerosol deposition at the carinal ridge is typical for the deposition mechanism of inertial 
impaction (Nicolaou, 2018; Ou et al., 2020). However, the aerosol deposition may also be influenced by gravitational settling since the 
inner sides of the bifurcation are in the direction of gravity. Therefore, a quantitative evaluation of the deposition as shown in Fig. 5C is 
necessary in order to analyze the deposition mechanisms in more detail. The individual bright spots in the LIF images are irregularities 
in the airway model where the light of the fluorescent aerosols refracts towards the camera.

In Fig. 5C, for all bifurcations investigated (B1 – B10), the overall behavior of normalized LIF intensity (as indicator for deposition 
behavior) shows a similar trend as the previously introduced normalized intensity of the whole image (comp. to Fig. 4B): Low LIF 
intensities are observed in the baseline time-interval between t = 0.2–1.8 s. In the second time-interval at t = 1.8–5.8 s the LIF in
tensities are increasing and reaching a maximum at t = 5.8 s for all bifurcations except for B9 which reaches the maximum earlier at t 
= 4.4 s. The rate of intensity increase differs for each bifurcation and will be discussed below in detail. After reaching the maximum the 
LIF intensity of all bifurcations decreases back to the baseline in the third time-interval at t = 5.8–8 s. During signal decrease the 
progressions of LIF intensities of B1 - B8 are similarly aligned whereas B9 and B10 show an earlier and faster signal loss.

The LIF intensity curves of B9 and B10 show stronger fluctuations over time in comparison to the other bifurcations. This can be 
explained by a reduced signal-to-noise ratio, resulting from the small size of both ROIs (ROI pixel number <1000, see Table 1) 
combined with the exponential decrease in flow rate over bifurcations, resulting in fewer aerosols reaching these bifurcations. This is 
also represented in the increased standard deviations (averaged over the time of the breathing cycle) for B9 and B10 with 0.086 and 
0.122 than the other bifurcations (<0.06) and the whole image (<0,062) as stated in Table 1. Therefore, B9 and B10 are excluded in 
the remaining analysis of this study. It is expected that deeper airway generations and bifurcations could be investigated in future, if 
spatial resolution as well as the fluorescence intensity of the tracer will be increased.

In the second time-interval, the increase of LIF intensity varies between each bifurcation. As shown in Fig. 5C, the onset of LIF 
intensity increase can be firstly observed for B1 and is followed up by the subsequent bifurcations. Further, a switch from left to right 
curved behavior is seen for the intensity profiles B1 to B5 whereas a left curved intensity profile is recognized for B6 to B8 (comp. 
dashed boxes in Fig. 5C) around t = 1.8–2.8 s. These curve progressions at the start of aerosol deposition are accompanied with higher 
inhalation flows. This is followed up by a linear increase at different rates for each bifurcation at lower respiratory flow rates, with the 
highest slope for B8 and the lowest slope for B1. The maximum intensity is achieved by a transition from the linear increase to a flat 
curve at different times for each bifurcation. B8 approaches its intensity maximum around t = 4 s and B1 at t = 5.8 s, the other 
bifurcation intensity curves lie in between.

Fig. 5D shows the gradient of the normalized LIF intensity and is a measure for the aerosol deposition rate per time step whereas the 

Fig. 5. A: LIF images and contrast-stretched LIF images of B1 at different time points in the respiratory cycle. B: Breathing cycle, shown as total 
volume flow (L/s) over time (s). C: Normalized LIF intensity for 10 bifurcations over time, averaged over ten breathing cycles. Standard deviations 
are summarized in Table 1 and are shown in more detail in the supplementary data. D: Gradient of normalized bifurcation intensity calculated by 
using forward differences. The dashed boxes allow a more detailed visualization of the LIF intensity curves in dense areas of the plot.
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Table 1 
Standard deviations (SD) of the normalized LIF intensities of each ROI, averaged over the time of the breathing cycle.

ROI Whole image B1 B2 B3 B4 B4 B6 B7 B8 B9 B10

SD 0.062 0.025 0.030 0.030 0.034 0.041 0.047 0.058 0.060 0.086 0.122
Pixel number 1.048.576 31800 10827 6692 4428 2717 2417 1461 1608 981 952
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LIF intensity in Fig. 5C correlates to the accumulated deposited aerosols to this time step. After t = 1.8 s the first aerosols deposit in the 
bifurcations during higher respiratory flow rates as seen in Fig. 5C. This is reproduced in the LIF gradient curves showing distinct 
maxima or peaks for B1 to B5, which are indicators of the inflection points from the left to right curved behavior in Fig. 5C. The higher 
the bifurcation number the more the maxima are temporally shifted to later time steps. After reaching the maxima from B1 to B5, the 
LIF gradient immediately decreases (resulting in a visual peak in the LIF gradient) and transitions to a constant gradient for low to zero 
inhalation flow rates. By comparison, the gradient maxima of B6 to B8 are reached at later time steps and are immediately followed up 
by constant values around the maximum value without the intermediate step of decreasing gradients. The duration of the constant 
gradients varies between the bifurcations. For B1 the constant gradient endures until the evaporation during exhalation starts (t = 5.8 
s), whereas for B8 the constant gradient is apparent until t = 3 s and deceases to zero afterwards. All other bifurcations show a gradual 
transition between the LIF gradient curves of B1 and B8. The constant gradient in Fig. 5D represents the linear increase in LIF intensity 
in Fig. 5C and the subsequent decrease of the LIF gradient to zero corresponds to the convergence of the LIF intensity to the maximum 
in Fig. 5C.

These described differences in the intensity curve behaviors from B1 to B8 indicate varying predominant aerosol deposition 
mechanisms in the human lung at certain time points of inhalation: high breathing flow rates at the beginning of aerosol deposition 
promote inertial impaction of aerosols which is expected to be the dominant deposition mechanism in the upper lung geometry. This is 
confirmed by the observed maxima of B1 to B5 which are represented by a rising and instantly decreasing gradient behavior at higher 
flow rates. It is expected that the aerosol deposition caused by inertial impaction correlates linearly to the breathing flow rate due to 
the linear dependency of the Stokes number to the air velocity (see equation (1)). Consequently, the LIF gradient follows the rise and 
decrease of the breathing flow rate which results in a local peak. The gradient maxima are incrementally shifted to later time-steps 
which can be attributed to the later arrival of aerosol at subsequent bifurcations. The aerosols follow the inhalation flow through 
the airway model from the ETA to the distal airways and start impacting subsequently at the bifurcations.

The rising and decreasing gradient behavior resulting in a distinct peak is not apparent for B6 to B8. In these bifurcations the 
gradient increases slowly and transitions immediately over to a constant gradient around the maximum value (com. Fig. 5D dashed 
boxes). This gradient behavior is explained by the exponential decreasing breathing flow rate at each bifurcation by flow division. This 
leads to a drop of breathing flow rate from the first to last airway generation by a factor of 107 (Möller et al., 2021), resulting in a 
reduced influence of inertial impaction which is linearly correlated to the breathing velocity (Sti ~ Ui). Additionally, larger aerosols are 
impacted and filtered out in the previous bifurcations due to large Stokes numbers (Sti ~ dp

2) while smaller aerosols reaching B6 to B8 
have better flow tracing abilities and are less prone to impaction. All these factors are expected to result in a progressively reduced 
deposition efficiency by inertial impaction at higher bifurcation numbers, represented by a slower increase in LIF intensity, a less 
distinct peak or even the absence of a peak in the LIF gradient.

At low respiratory flow rates, i.e. during breathing pauses, a linear increase in LIF intensity in Fig. 5C or a constant and positive LIF 
gradient in Fig. 5D is observed, indicating gravitational settling of aerosols with a constant settling velocity. The gravitational settling 
is apparent in all bifurcations, but the settling time decreases with higher bifurcations represented by shorter times of the linear slopes 
in LIF intensity or constant LIF gradients. This is explained by smaller traveling distances of the settling aerosol due to smaller airway 
diameters with higher generation numbers. Due to the normalization of the LIF signal in Fig. 5C the constant gradient appears larger 
for higher bifurcation numbers.

Fig. 6. Main deposition mechanisms in the upper airways and their influencing parameters.
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Overall, the behavior of intensity curves in B1 to B8 can be explained by the two deposition mechanisms i) inertial impaction at 
higher respiratory flow rates and ii) gravitational settling at lower to zero respiratory flow rates. For these deposition mechanisms, all 
relevant parameters of the lung geometry and the breathing flow are summarized in Fig. 6. A decreasing influence of inertial impaction 
is seen over the bifurcations whereas the gravitational settling is observed in all bifurcations.

However, the resulting deposition field is dependent on the configuration of the current set-up such as the evaporation of aerosols 
in a dry airway model, the chosen respiratory cycle and the planar configuration of the airway geometry. These influences of the 
current set-up on aerosol deposition and the physiological interpretability of the measurements are discussed in section 3.5.

3.3. Comparison of the aerosol deposition to the calculated inertial impaction probability

Based on Chan and Lippman (Chan & Lippmann, 1980) a probability of inertial impaction for different sizes of aerosols is calculated 
for each airway generation i with 

Pi =1.606 Sti + 0.0023 (4) 

The empirical formula of Chan and Lippmann (Chan & Lippmann, 1980; The Mechanics of Inhaled Pharmaceutical Aerosols, 2001) 
is based on experiments in casts of airways with constant breathing flows and include the effect of the larynx. According to Finlay et al. 
(The Mechanics of Inhaled Pharmaceutical Aerosols, 2001) the formula of Chan and Lippmann (Chan & Lippmann, 1980) represents an 
average of several other existing impaction probability calculations in literature.

This formula can be applied on the measured droplet size distribution of the nebulizer leading to the estimation of new droplet size 
distributions after impaction in each airway. For each bin of the droplet size distribution, the number of impacted aerosols can be 
estimated by multiplying the impaction probability and with the number of aerosols. These impacted aerosols are removed from the 
droplet size distribution and a new Sauter diameter D32 and arithmetic diameter D10 can be derived. The impaction probability is 
calculated with the maximum breathing velocity in each airway. This procedure is iteratively repeated for each airway. Thus, each ROI 
represents a bifurcation consisting of two airway generations, an average of the resulting mean diameter D32 and D10 of the parent and 
the daughter airway is taken for each bifurcation. For this deterministic calculation method, the number of aerosols in each bin needed 
to be increased by a factor of 1000 which doesn’t change the characteristics of the droplet size distribution. Otherwise, this calculation 
method of multiplying the number of aerosols in each bin with the impaction probability would lead to non-impacting aerosols for bins 
with very low aerosol quantities.

As shown in Fig. 7A the impaction probability varies much over the generations due to high Stokes numbers in the generations from 
the trachea (G0) to G8 with a maximum in G5. The impaction probability is influenced by the squared diameter of the aerosols. The 
Sauter mean diameter D32 (originally 14.58 μm after nebulizing) in Fig. 7B decreases strongly between B1 to B8 with the highest 
gradient at B1 and a transition to a lower gradient in B8. Beyond B8 the Sauter diameter continues to decrease more slowly. The Sauter 
diameter represents the volume to surface area ratio of a droplet size distribution and is highly influenced by larger aerosol diameter 
due to their large volume to surface ratio. The arithmetic mean diameter D10 decreases from B1 to B24, with a particularly higher 
degree of D10 reduction between B1 to B8 and B12 to B16. The higher gradients in both D10 and D32 are correlating to the higher levels 
of impaction probability in Fig. 7A.

Despite of the maximum impaction probability in G5, the D32 shows the highest gradient at B1 and a decreasing gradient until B8. 
This is explained by filtering out larger aerosol sizes over the upper airway geometry which leads to the decreasing distinct peaks in the 
LIF gradient over the bifurcations B1 to B5 in Fig. 5D. This corresponds well to the stronger decrease of the Sauter diameter from B1 to 
B5 in Fig. 7B. The bifurcations B6 to B8 do not exhibit a distinct peak in the LIF intensity gradient. However, the rise of the LIF intensity 
in these bifurcations may still be influenced by inertial impaction since the D32 is still decreasing but with a lower gradient.

In comparison. The arithmetic diameter D10 decreases from B1 to B8 with an almost constant gradient. The droplet size distribution 
of a nebulizer is a right-skewed distribution (comp to Fig. 2A). Thus, small aerosol sizes with high quantities are influencing the D10. 
Therefore, the constant drop of D10 from B1 to B8 shows that not only larger aerosol sizes, as seen in the curve behavior of D32, but also 
smaller aerosol sizes (with high frequencies in the droplet size distribution) are impacting due to inertia in the bifurcations B1 to B8. 
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The behavior of D10 is an indicator that the aerosol deposition in B6 to B8 may be affected by inertial impaction of smaller aerosol sizes. 
The impaction of smaller aerosol sizes may not lead to a peak in the LIF gradient due to smaller droplet volumes containing the 
fluorescent tracer.

In this comparison of the probability of inertial impaction based on Chan and Lippmann (Chan & Lippmann, 1980) to the LIF 
intensity curves in the airway model must be noted, that both models are based on different lung geometries and different breathing 
curves (constant vs. sinusoidal breathing curves). Further, the impaction probability is calculated based on the maximum velocity of 
the breathing cycle in each airway. Therefore, this calculation represents solely an estimation of the influence of inertial impaction on 
the droplet size distribution.

3.4. Identification of deposition mechanisms by dimensionless numbers and settling time

As shown in Fig. 5C and D the deposition behavior in the bifurcations varies with the dominant deposition mechanisms during 
different phases in the breathing cycle. However, the transition between both deposition mechanisms cannot be determined by the LIF 
deposition analysis alone. Therefore, the LIF results are discussed below based on dimensionless numbers. The Stokes number and the 
sedimentation parameter cannot be used due to their dependency on aerosol diameter which changes throughout the airway model by 
inertial impaction as discussed in the previous section and the evaporation in a dry airway model (discussed in section 3.5.1.). 
Therefore, the squared Froude number Fri

2 is introduced: 

Fri2= Sti
/ (

vsettling
/

Ui
)
=U2

i
/
(g cos(θ) Di) (6) 

The squared Froude number is the relation between the Stokes number and the non-dimensional settling number and does not 
depend on the aerosol diameter. It gives an indication on the dominant deposition mechanism: large Froude numbers correlate to 
inertial impaction whereas low Froude numbers correspond to gravitational settling. The airway inclination (angle to the horizontal) is 
added to the formula which is relevant for the sedimentation mechanism (Piglione et al., 2012). For a better readability the dimen
sionless number Fr2 is called “Froude number” without “squared” in the following section. For calculating the Froude number in each 
bifurcation, an average of the corresponding Froude numbers of the airway generations is taken. For B1 a Froude number cannot be 
derived, since the trachea is vertically aligned, resulting in cos 90◦ = 0 in the denominator.

In addition to the dimensionless Froude number, the settling time scale is estimated for each bifurcation to verify the constant 
behavior of the LIF gradients during low respiratory flow rates which is considered to represent the gravitational settling of the aerosols 
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(comp. to section 3.2.). The settling time is calculated as 

tsettling,i =hi
/

vsettling =Di
/ (

vsettling cos θi
)

(5) 

with vsettling from formula (3) and the implementation of the airway angle θi. For the trachea the settling height hi is chosen to be the 
length of the airway (Möller et al., 2021) because of the term cos θ turning to zero. For deriving the settling time of the bifurcation, the 
settling times of the adjacent parent and daughter airway are averaged. The settling velocity vsettling is dependent on the squared aerosol 
diameter. However, the measured Sauter mean diameter D32 = 14.58 μm is used for estimating the settling time. The D32 represents 40 
% of the volume of the spray and due to its relation to the volume-to-surface area of a spray it corresponds well to the weight-to-drag 
force which is responsible for a constant settling velocity and for the inertial drag force governing the impaction (Casas et al., 2019). 
Note that the evaporation at the inlet of the ETA leads to an increased Sauter diameter as discussed in section 3.5.1. whereas the inertial 
impaction leads to a decreased Sauter diameter. Due to these uncertainties the calculated settling time serves only as an estimation and 
may only indicate trends over the bifurcations. Further, the settling time scales are estimated assuming no air flow in the airway. The 
settling time is applied in Fig. 9 to indicate the settling of aerosols during the constantly increasing LIF intensity after Fr = 5. The 
assumption of no flow during gravitational settling is suitable for Fr ≤ 5 where the breathing flow in the airways is sufficiently low due 
to Fr ~ U2 and settling starts in near-wall regions due to low local velocities and Froude numbers (Nicolaou, 2018).

Fig. 8 shows the airway diameter and the maximum velocity in each airway with the corresponding settling time and the Froude 
number over bifurcation number n. The airway diameter and the maximum inhalation flow rates are important parameters for the 
Froude (Fri

2 ~ Ui
2/Di) and for the settling time (tsettling ~ Di) and are therefore shown in this graph. The airway diameter in Fig. 8A 

decreases over generations but shows a small plateau around G8 to G10. The settling time in Fig. 8B shows a decreasing behavior over 
the bifurcations as a result of the decreasing airway diameter as seen in Fig. 8A. The decreasing settling time is also seen in the 
normalized LIF intensity in Fig. 5C and in Fig. 5D: Due to the constant settling velocity, the regime of gravitational settling is rep
resented by a linear increase in LIF intensity and a constant, positive LIF gradient during low flow rates. Correspondingly to the 
decreasing settling times, the maximum normalized LIF intensity is reached earlier and the constant LIF gradient time becomes shorter 
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for higher bifurcation numbers.
For B1 to B3 the estimated settling time is greater than 4s which is longer than the time between the start of aerosol deposition and 

the evaporation during exhalation (comp. Fig. 5) and drops for B4 to B8 below 2 s. This drop in settling time is also represented in the 
LIF measurement; For B1 to B3 the LIF intensity increases nearly linearly to the maximum LIF value whereas for B4 to B8 the maximum 
value is successively reached at earlier times.

In Fig. 8C the maximum Froude number (calculated with the maximum mean breathing velocity in each airway) shows a 
decreasing behavior from B2 to B11 and also from B15 to B23. In between, from B11 to B15, the Froude number slightly increases. This 
behavior of the Froude number over bifurcations fits well to the literature (The Mechanics of Inhaled Pharmaceutical Aerosols, 2001) 
and is strongly dependent on the velocity in each airway as seen in Fig. 8A. According to Piglione et al. (Piglione et al., 2012) inertial 
impaction dominates for Fr2 > 100, an intermediate regime is present between 100 > Fr2 > 5, and gravitational settling dominates for 
Fr2 < 5. For the given airway model, the Froude number is greater than 5 for B1 to B8, meaning that for the highest inhalation flow 
rate, the investigated bifurcations in this study lie within the intermediate regime with both deposition mechanisms, inertial impaction 
and gravitational settling, being relevant. Consequently, although no clear peak is visible in the LIF gradients from B6 to B8, the aerosol 
deposition may be influenced by inertial impaction for high flow rates. It should be noted that the influence of the inertial impaction 
varies within the intermediate regime proposed by Piglione et al. (Piglione et al., 2012) and increases with higher Froude number. 
However, a temporal Froude number over the breathing cycle is needed to correlate the time-specific aerosol deposition within the 
airway model to the different deposition mechanisms.

In Fig. 9 the LIF intensity and gradient is compared to the temporal Froude number over time for the respective breathing cycle. The 
squared Froude number changes over several orders of magnitude over the breathing cycle due to the dependency on the breathing 
velocity. The LIF intensities and gradients in each bifurcation are highlighted for the time at Fri

2 = 5 in order to identify the potential 
transition between the intermediate regime and the gravitational settling regime in the LIF intensity curves. Further, the regime border 
of Fri

2 = 5 serves as the assumed zero point for the start of the settling time. The calculated settling time from Fig. 8B is added to the 
time ti (Fri

2 = 5) in order to indicate the potential end of gravitational settling regime for each bifurcation.
The transition from B2 to B5 is well characterized by the regime threshold based on the Froude number by Piglione et al. (Piglione 

et al., 2012). The LIF intensities and gradients from B2 to B5 are divided by Fri
2 = 5 into the intermediate region on the left of the regime 

border and the gravitational settling regime on the right. During the intermediate regime the LIF gradient shows a local peak which 
indicates the inertial impaction. No indications for gravitational settling are seen in this region, but they could be superimposed by the 
aerosol deposition and the resulting LIF intensity caused by inertial impaction. For Fri

2 < 5 a constant LIF gradient is apparent due to a 
constant settling velocity which fits well to the gravitational regime.

The LIF gradients from B6 to B8 show no local peak during the intermediate Froude regime. However, inertial impaction may still 
be dominant in this region. As explained above, larger aerosols are deposited and filtered out in previous bifurcations due to inertial 
impaction, as explained by the Sauter mean diameter D32 in Fig. 7B. The impaction of the smaller sized aerosols may lead to no visible 
peak in the LIF gradient of B6 to B8 due to the smaller volumes of the impacting aerosols containing the fluorescent tracer. Also, the 
duration of Fr2 > 5 is much shorter for B6 to B8 than for B1 to B5. Further B6 to B8 do not experience high velocity gradients for Fr2 > 5 
and hence, no distinct peak can be developed in the LIF gradient.

The end of the gravitational settling tg,i, calculated by ti (Fri 
2 = 5) + tsettling,I, is approximated by the settling time based on a constant 

D32. Despite of this simplification, the calculated end of gravitational settling fits relatively well to the measured data: During the 
proposed gravitational settling regime between ti (Fri 

2 = 5) and tg,i a linear increase in LIF intensity and a corresponding constant LIF 
gradient is seen for B2 to B7. For B8 the LIF intensity behaves not linear at the beginning of the gravitational settling regime. However, 
the start of gravitational settling at Fri

2 = 5 may interfere with the arrival of the first inhaled aerosols or the threshold of Fri 
2 = 5 might 

not fitting to this bifurcation. A slightly smaller Froude number as threshold between intermediate and settling region would lead to a 
shift of ti (Fri

2 = 5) to the right where a linear increase of LIF signal in B8 is apparent.
After tg,i, the end of the gravitational settling time, the LIF gradient of B4 to B8 decreases slowly to zero, leading to the conclusion 

that the settling of the majority of aerosols has ended. Eventually, smaller droplets containing less tracer quantities may still be settling 
in this region due to larger settling times (proportional to d2) but their deposition may not be captured in the LIF images. For B8 the LIF 
intensity appears to be linear for a short duration after tg,i and the proposed end of gravitational settling does not fit perfectly to this 
bifurcation. The reason for this is either the false zero point with ti (Fri 

2 = 5) or the estimation of the settling time based on a constant 
D32. The inertial impaction in the previous bifurcations could lead to a decreased D32 and hence, to a longer settling time. For B1 to B3 
the end of settling time tg,i exceeds the beginning of evaporation during the exhalation and therefore a linear behavior of LIF intensity 
and a constant LIF gradient is seen between tg,i (Fri 

2 = 5) and t = 5.8 s.
Overall, the proposed definition of aerosol deposition regimes by Piglione et al. (Piglione et al., 2012) and the estimated settling 

time corresponds well to the measured LIF intensity of the bifurcations in the airway model.

3.5. Physiological interpretability of aerosol deposition in the current set-up

As shown in the previous sections, the 23-generation airway model enables an optical investigation of aerosol deposition by laser- 
induced fluorescence. For this purpose, the model offers a high optical quality of the airway surface and good optical access. In contrast 
to alternative models with ex-situ measurement methods and mostly steady flow rates (see Introduction), it enables an in-situ 
investigation of aerosol flow in air (Möller) and subsequent aerosol deposition over transient respiration. The in-situ measurement 
method allows the temporal and spatial analysis of aerosol flow and deposition and thereby the temporal differentiation of the relevant 
deposition mechanisms within the respiratory cycle.
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Furthermore, the given configuration of the lung model opens up investigation possibilities that go beyond the methods used in this 
study; Due to the implementation of all airway generations the aerosol deposition can be analyzed in a holistic way from the trachea to 
the alveolar ducts. Microscopic analysis can be performed at specific positions along the airway due to the high optical quality of the 
airway model. Because of the adjustable breathing flow in every generation impaired flow-volume curves or flow distributions of 
unhealthy subjects as in the cases of ARDS or COPD can be simulated. The combination of a simplified airway geometry with well- 
defined boundary conditions up to the 23rd generation opens up new possibilities for the further development and validation of 
numerical models, requiring complementary investigations on the experimental and numerical side (CFD). Further, the airway model 
enables experimental comparison and development of various inhalation devices and other drug delivery methods such as instillation 
or bronchoscopic spraying under identical boundary conditions. The newly developed method of bronchoscopic spraying for the 
delivery of stem cells into the human lung has been developed and tested in this airway model (Gürzing et al., 2022). Thus, the airway 
model can serve as a fast testing tool of drug delivery devices over various inhalation scenarios with different breathing maneuvers and 
lung positions due to the high adaptability of the airway model (adjustable respiratory cycle and rotatable model position in all di
rections). Deposition efficiencies and fractions can be derived in future by the direct correlation of the LIF signal to the mass of the 
fluorescent tracer. Overall, the set-up of the airway model can contribute to the general understanding of the deposition dynamics and 
mechanisms of different drug delivery methods.

However, this study provides proof-of-concept for the in-situ visualization of the temporal and spatial aerosol deposition in the 
airway model. The airway model in its current form makes use of a number of simplifications which results inevitably in model 
limitations. Some of these simplifications are unavoidable for the selected design approach, others can still be eliminated and opti
mized in further developed model generations. Due to the chosen simplifications of the airway model, the physiological interpret
ability of the measured aerosol deposition in the current set-up is discussed below. This includes the currently unregulated air humidity 
of the inhaled air in a dry airway model, the current respiratory cycle, the planar bifurcations and the missing lung compliance.

3.5.1. Influence of the current unregulated humidity on aerosol deposition
Unlike the human lung, the airway model is not capable of self-moistening due to its dry walls. The inhaled and exhaled air into the 

airway model is not regulated to physiological conditions in the human lung (99.5 % RH and 37 ◦C) (Ferron et al., 1988). The low 
relative humidity of the inhaled air, the lower air temperature and the dry airway walls of the airway model can affect the evaporation 
of the aerosols and consequently their size. Hence, the outcoming deposition field might not be fully physiological in comparison to the 
deposition in the human lung. Therefore, the physiological interpretability of the aerosol deposition due to evaporation needs to be 
assessed.

In the set-up a mist of aerosols (D10 = 4.43 μm, D32 = 14.58 μm) is produced by the jet nebulizer which enters the airway model 
together with ambient air. Within the jet nebulizer reservoir, the outflowing air reaches a saturated state due to the rapid evaporation 
at the interface of the numerous aerosols and due to air cooling through the needed latent heat for evaporation (Dennis, 2007; Haddrell 
et al., 2014; Nerbrink et al., 2003; Zhou et al., 2007). The aerosol stream of the jet nebulizer and the ambient air meet in the small gap 
between the ETA and the outlet of the jet nebulizer (comp. to Fig. 1B) and are inhaled into the ETA of the airway model. During mixing 
the relative humidity decreases and an immediate evaporation of the droplets takes place depending on the relative humidity and 
temperature of the ambient air leading to smaller droplet sizes (Dennis, 2007; Haddrell et al., 2014; Nerbrink et al., 2003; Protheroe & 
Al-Jumaily, 2017; Protheroe et al., 2013; Zhou et al., 2007).

According to Protheroe et al. the streaming mixture of aerosols and air in a duct can be considered as a moving plug. Depending on 
the air-water-ratio in this plug either all droplets evaporate, or the rapid evaporation of aerosols increase the RH until saturation which 
prevents the evaporation of the remaining aerosols (Protheroe & Al-Jumaily, 2017). Protheroe et al. (Protheroe et al., 2013) 
demonstrate in numerical simulations the rapid temporal process of droplet evaporation while streaming through a duct; mono
disperse water droplets of 5 μm (0.2 mL/min) are suspended to an air stream in a duct with a flow rate of 0.5 L/s at the temperature of 
20 ◦C and 40 % RH. In the simulation a stable air saturation is reached after 0.13 s and the aerosol size drops from 5 μm to 3.8 μm. The 
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conditions of the simulation are close to this study; the jet nebulizer produces a constant aerosol stream with a mass flow rate of 0.19 
mL/min and is mixed with the ambient air of the laboratory (21 ◦C, estimated 40–60 % RH) with volume flow rates between 0 and 0.5 
L/s. Since a minimum of 0.13 mL/min of aerosol flow rate is needed for the saturation of an air volume flow of 0.5 L/s at 40 % RH and 
20 ◦C (Protheroe et al., 2013), a saturated state of the inhaled aerosol-air plug in the airway model is expected, even for the highest 
breathing flow rates of 0.5 L/s in this study. Further, the inhaled aerosols are polydisperse which may lead to a faster evaporation and 
saturation of the air due to the faster evaporation of the smallest aerosols in the size distribution according to the D2 law. The D2 law is 
a simplified theory on droplet evaporation and describes the proportionality of a droplet’s lifetime to the square of the droplet diameter 
(Fei et al., 2022). This confirms that an initial and rapid evaporation takes place while the aerosol stream enters the ETA and a 
saturated state in the moving aerosol stream is reached fast. The visible aerosol deposition in Fig. 5 and the long travel time of 1.8 s to 
the first bifurcation underline that a saturated state is developed before the aerosols deposit in the first bifurcation of the airway model.

In order to verify the relevance of evaporation on the droplet size distribution and the resulting deposition behavior a simple 
mathematical estimate is carried out. Fig. 10A shows the droplet size distribution measured by the phase doppler technique in Möller 
et al. (Möller et al., 2021) and the influence of evaporation on the droplet size distribution and on the mean diameters such as D10 and 
D32. A simplified evaporation of droplets is calculated based on Ferron et al. (Ferron & Soderholm, 1990) after an evaporation time of 
0.05 s at 20 ◦C and constant 50 % RH. This short evaporation time is arbitrarily chosen and no interaction between evaporation and rise 
of relative humidity in the surrounding is considered. Similar to the results in Protheroe et al. (Protheroe & Al-Jumaily, 2017), the 
share of small droplets diminishes whereas the share of larger droplets increases due to the normalization to 100 %. Both the arithmetic 
diameter D10 and the Sauter diameter D32 increase from 4.43 μm to 14.58 μm–5.58 μm and 21.07 μm, respectively.

In Fig. 10B the mean diameter D10 and D32 are shown over evaporation time. Both mean diameters increase over the evaporation 
time with a change of 330 % for D32 and 670 % for D10 at 1 s. After this evaporation time the mean diameters decrease slowly again (not 
shown). The D2 law as also used in the formula by Ferron et al. (Ferron & Soderholm, 1990) leads to the counterintuitive increase of the 
mean diameter of the droplet size distribution due to faster evaporation of small aerosol sizes. Overall, Figs. 10A and B shows that the 
evaporation has a high influence on the droplet size distribution of the jet nebulizer, especially on the smaller aerosol sizes.

Similar to the human lung a saturated state is reached rapidly at the inlet of the airway model despite the non-regulated inhaled air 
in a dry airway model. The initial evaporation has greater impact on smaller aerosol sizes compared to larger aerosol sizes. Due to the 
unknown relative humidity of the inhaled air the influence on the aerosol size distribution cannot be reconstructed. However, the 
visualized deposition pattern is primarily influenced by larger aerosols with high volumes and tracer content which are less affected by 
the evaporation.

In a self-moistening human lung an almost saturated state of 99.5 % RH is reached beyond the tracheobronchial region and is 
accompanied by a temperature rise to 37 ◦C. However, due to the missing self-moistening capability of the dry airway model the 
aerosols may have evaporated to a greater extent than compared to the application in the human lung. Therefore, the implementation 
of a humidity control for RH saturation of the air is necessary in future for preventing the excessive aerosol evaporation and for 
controlling the inhaled droplet size distribution within the airway model. This leads to more accurate calculations of settling times, 
Stokes number, sedimentation parameter and increases the interpretability and comparability to other studies using these deposition 
parameters for interpretation. Despite that a certain evaporation of the generated aerosols in the nebulizer during mixing with the 
ambient air is even realistic during the applications of jet nebulizer on humans and must be taken into account in future studies as well 
(Dennis, 2007; Haddrell et al., 2014; Nerbrink et al., 2003; Zhou et al., 2007). Further, the prevention of the current evaporation during 
exhalation may lead to the potential visualization of aerosol deposition during exhalation.

3.5.2. Influence of the current respiratory cycle on the aerosol deposition
The current respiratory cycle for tidal breathing is derived by the simplified sinusoidal shape of the flow-volume curve between the 

physiological values of tidal volume (0.5 L) and maximum flow rate (0.5 L/s) (Kleinstreuer et al., 2007; Larsen, 2016; Möller et al., 
2021; Westhoff & Rühle, 2011). The sinusoidal shape of the flow-volume curve leads to the respiratory flow rate over time as shown in 
Fig. 5B. The resulting transient flow rate shows significant portions of low to zero flow rates and an extended mean inspiration time of 
4.17 ± 0.026 s with a low breathing frequency of 7.2 breaths per minute compared to the physiological tidal breathing frequency of 
12–20 breaths per minute (Larsen, 2016). Due to the non-physiological predominance of low air velocities at the beginning and end of 
the inhalation and expiration, the deposition mechanism of gravitational settling is overrepresented in comparison to a more physi
ological respiration. However, the extended times of low flow rates in this study support the identification of the deposition mech
anisms from the evaluated LIF intensities and showed the depletion of aerosols by gravitational settling due to the decreasing settling 
times in distal bifurcations (comp. to Fig. 9). In future, a more physiological flow-volume curve for tidal breathing should be 
implemented in the airway model by adapting the flow-volume curve of the programmable volume flow control to a more physio
logical shape (Behnia & Sietsema, 2023; Chambers et al., 2019; Criée et al., 2015; Schmalisch et al., 2005).

3.5.3. Influence of planar bifurcations on the aerosol deposition
To ensure the best possible optical access to the airways, the model in its current configuration is chosen to be planar with sym

metrical bifurcations. It is known that a planar configuration can result in a different flow profile than a more physiological off-plane 
configuration, i.e. with regard to the volume flow distribution and the formation of secondary flows (Comer et al., 2000; Kim & Fisher, 
1999; Kleinstreuer & Zhang, 2009; Liu et al., 2002). According to Liu et al. (Liu et al., 2002) an in-plane bifurcation model leads to an 
imbalance of the flow distribution at the bifurcations compared to off-plane models. In the airway model, the flow distribution at each 
bifurcation is imposed by the adjustable rotameters for each generation, overcoming the potential imbalance in planar models. 
However, secondary flows may be altered which influence the local aerosol deposition.
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In order to quantify the influence of this simplification, the model should be supplemented in future with further model config
urations including off-plane bifurcations. However, starting with a planar configuration offers a sensible way of gradually increasing 
the complexity of the problem. The present modeling concept (i.e. based on an airway with generation-specific volume flow impo
sition) naturally offers the possibility of realizing further models with alternative geometries in near future – e. g. smooth geometries or 
patient-specific geometries based on CT data.

3.5.4. Influence of rigid walls of the airway model on the aerosol deposition
Due to the manufacturing of the airway model in quartz glass for ensuring the high surface quality for optical in-situ measurement 

methods the airway model is rigid and cannot display the expansion and contraction of the human lung during respiration. This 
unavoidable simplification needs to be considered especially in the distal airways starting from the respiratory bronchioles where 
alveoli are embedded to the walls of the alveolar ducts (G16 – G23). But also the minor motion in the upper airways influences the flow 
characteristics and aerosol deposition in the airways according to Mead-Hunter et al. (Mead-Hunter et al., 2013). According to nu
merical simulations the wall motion of the alveoli and alveolar ducts during breathing affects the aerosol deposition of mainly 
sub-micron particles due to local convective flows (Darquenne et al., 2009; Haber et al., 2003; Hofemeier & Sznitman, 2016; Li et al., 
2023). The influence of moving walls on aerosol deposition are partially contradicting in literature with a proposed increased aerosol 
deposition within a moving alveolus or an alveolar duct model (C. Darquenne et al., 2009; Haber et al., 2003), or a suggested decreased 
aerosol deposition in a moving acinar model (Li et al., 2023).

However, the airway model cannot simulate the wall motion and may under- or overestimate the aerosol deposition in this region 
due to the missing lung compliance and the missing geometrical representation of the alveoli. The geometry of the alveoli may be 
added to the airway model in future studies, but the implementation of moving walls in in-vitro airway models remains difficult. Only 
few in-vitro studies focus on the flow field in moving acinar models using Particle Image Velocimetry (PIV) (Berg et al., 2010; Oakes 
et al., 2010) but no studies are found regarding the aerosol deposition in moving in-vitro models.

4. Summary and outlook

The aerosol deposition by a jet nebulizer has been visualized for the first time in the airway model using an in-situ measurement 
technique of laser-induced fluorescence (LIF). The temporal and spatial post-processing of resulting LIF images provides insight into 
the deposition behavior of aerosols in the first eight bifurcations over a transient respiratory cycle. Further, the LIF intensity and their 
gradient in the bifurcations B1 to B8 is correlated to the main deposition mechanisms in the conducting airways: i) the inertial 
impaction and ii) the gravitational settling. Inertial impaction is characterized by a visible peak in the LIF gradient during high 
inhalation flow rates while gravitational settling is expressed by a constant LIF gradient due to constant aerosol settling velocities 
during low respiratory flow rates. The observed deposition behavior matches well with the impaction deposition probability by Chan 
and Lippmann (Chan & Lippmann, 1980) and with the definition of aerosol deposition regimes in the human lung by Piglione et al. 
(Piglione et al., 2012). The threshold of Fri 

2 = 5 for gravitational settling combined with the estimated settling times fits well to the 
constantly increasing LIF intensity of settling aerosols.

This study shows the potential of the measurement system to resolve temporal and spatial aerosol deposition in the airway model. 
In future, it should be complemented with a relative humidity control of the inhaled air for preventing aerosol evaporation during 
inhalation and exhalation leading to a better prediction of aerosol sizes within the airway model.
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