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Summary

Modeling aerosol dynamics in the airways is challenging, and most modern personalized in vitro
tools consider only a single inhalation maneuver through less than 10% of the total lung volume.
Here, we present an in vitro modeling pipeline to produce a device that preserves patient-specific
upper airways while approximating deeper airways, capable of achieving total lung volumes over
7 liters. The modular system, called TIDAL, includes tunable inhalation and exhalation breathing
capabilities with resting flow rates up to 30 liters per minute. We show that the TIDAL system is
easily coupled with industrially and clinically relevant devices for aerosol therapeutics. Using a
vibrating mesh nebulizer, we report central-to-peripheral (C:P) aerosol deposition measurements
aligned with both in vivo and in silico benchmarks. These findings underscore the effectiveness of
the TIDAL model in predicting airway deposition dynamics for inhalable therapeutics.
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The Bigger Picture

Inhalable medicine depends on delivering aerosols to the correct location in the lungs at the correct
dosage. But many factors complicate effective delivery, including drug formulation, delivery
device, and patient anatomy and physiology. To help understand how inhaled aerosols deposit in
the lungs, we created the TIDAL airway approximation system to serve as an adaptable model for
measuring spatial aerosol deposition in the airways, which can test the administration of aerosol
therapeutics under various combinations of breathing conditions, formulations, and device
parameters. The modular and scalable nature of the system can help study the effect of diseases
and drugs on people with different physiologies. The TIDAL system is also readily extensible,
enabling future physiological features, as well as integrated testing of organ-on-a-chip-like
systems.

Highlights

Full-volume 3D printed lung model with cyclical breathing capability

Modular design pipeline combines patient upper airways and approximated deep airways
Tunable breathing by interactive graphical user interface and real-time processing

Regional aerosol deposition quantified and mapped to clinical standards

e¢TOC Blurb

This work presents a physical platform that uses 3D printing and modular assembly to create
patient-specific architecture of the upper airways and approximate deep airways with lattice filters.
The TIDAL system can replicate realistic breathing maneuvers and offer personalized evaluation
of regional aerosol delivery for inhalable medicine.



Introduction

Drug delivery to the lungs enables local and systemic effects through noninvasive means, making
it easier and sometimes safer compared to other routes of drug administration. However, the
structural complexity of the lungs presents modelling challenges for predicting dosage efficacy.
Lung airways have length scales spanning from centimeters to hundreds of micrometers in a
bifurcating fractal-like network, in which each airway divides into two passages smaller in length
and diameter over 20-30 airway generations, with walls lined with viscous fluids, and parenchymal
motion generating transient airflow throughout.! Aerosol therapeutics need to ensure the delivery
of the drug to an affected lung site by depositing the aerosol particles on the airway surface while
navigating through these complex structures. The efficacy is further complicated by interactions
between patient factors, device factors, formulation factors, and clinical and regulatory landscapes.
Typical industrial processes have been designed to evaluate controllable features, such as aerosol
sizing and inhaler dosing, but do not include the effects from features including lung structure,
breathing maneuver, and coupled biological factors.? Instead, standard in vitro-in vivo correlations
(IVIVCs) have been developed from studies of airway architecture and empirical results of aerosol
deposition in a limited number of subjects.*® However, these IVIVCs do not suffice for all
populations and conditions, contributing to limited therapeutic efficacy of aerosol medicines and
variable patient outcomes.>”’

Improvement to IVIVCs requires advancements to in vitro testing approaches that can more
faithfully replicate the complex airway environment and subsequent aerosol dynamics. Thanks to
advances in medical imaging and additive manufacturing, the risks of patient-specific in vivo
testing can be mitigated by digitizing and 3D printing high-fidelity airway models for in vitro and
in silico aerosol studies.”!! But because of limitations in resolution and radiation exposure, these
instances primarily consist of mouth-throat replicas and truncated airway trees.'>!* In in vitro and
in silico contexts, researchers have had to develop approaches to efficiently capture relevant lung
phenomena and estimate aerosol deposition. Early numerical models considered the airways as a
series of consecutive filters.!*'® In silico, such approaches include individual- and multiple-path
models'”!'® and 3D-1D coupled models to simulate selected segments of the full lung space.'*?° In
vitro, there has been the direct analogy of the lung as a series of filters or similarly as porous
media.?!"** Current additive manufacturing technology cannot feasibly create a full-range lung or
airway replica, due to the range of length scales and feature orientations present in a complete
lung. In some instances, the replica is connected to a device used to generate airflow (e.g., a
vacuum pump or breathing simulator) at one or more outlets of the airway tree, typically in a single
direction.”” As a result, even these more-realistic models do not include critical functions for
evaluating regional aerosol deposition.

To advance in vitro aerosol deposition testing approaches, we present a platform for development
and collaboration in the form of a lung approximation that synthesizes the approaches of in vitro
and in silico techniques, designed to be highly modular and extensible. This system, dubbed total
inhaled deposition in an actuated lung (TIDAL) model (Figure 1), consists of patient-derived
upper airways and an approximation of deeper airways, enabled by advances in additive
manufacturing and 3D printed lattice structures.?® Based on patient-specific anatomy throughout,
this model includes air-conserving breath function and a tunable porous media approximation of
small airways within modular lobe units, which enables quantifiable spatial aerosol deposition
under bidirectional airflow and breathing maneuvers.



Results
Designing the TIDAL system

In human lungs, aerosols enter a single channel through the mouth, throat, and trachea, before
reaching the first bifurcations of the airways, where deposition by impaction is most prevalent.
These upper airways are the first site of contact with inhaled aerosols and greatly contribute to the
structural subject-specific variations observed in aerosol deposition. Numerous studies have
considered the influence of extrathoracic and tracheobronchial variation on flow profiles and
aerosol deposition.?’3¢ To establish an airway model that is patient-derived and generalizable,
TIDAL begins with anatomically-derived upper airways taken from medical imaging. We
employed the airway geometry from Zhang et al. which has been examined extensively in vitro
and in silico elsewhere;*>37-4 alternative upper airway structures could be readily adapted to the
TIDAL platform using a similar approach described herein. Airway identification and dimensional
analysis by PyRaabe*”* and the Vascular Modeling Toolkit (VMTK)*-*! indicated that the airway
tree consisted of 135 unique branches, including all of the segmental bronchi (Figure 2A). This
airway tree did not include physiological variants such as auxiliary airways, absence, or relocation
described for other patients. With this information, we generated a modular truncated upper airway
retaining the size and orientation of the airways up through the five lobar bronchi, corresponding
to the intermediate-level regions of the lungs (Figure 2C). Doing so permitted interchangeable
“plug-and-play” parts to be fit to the extrathoracic region and each lobe, enabling the truncated
airways to be approximated by enclosed compartments containing filtration media. Patient
demographics and average dimensions of this airway tree (Figure 2B, Table S1) were similar to
the model presented by Yeh and Schum,> and therefore the originally reported model data were
used as the morphometric bases for the remaining generations used in the lobe approximation.

Modular lobe units are connected to each lobar outlet of the upper airway model, aggregating the
properties of distal airways. Earlier in silico models of aerosol deposition have considered a 1D
model, commonly referred to as the “trumpet model”, which combines the airways in each
generation (i.e. level of bifurcation) to form a linear path of concentric circles along the length of
the airway tree, such that every circle has a cross-sectional area equal to the total cross section of
the airways in the corresponding generation.> The hypothetical construct resembles a horn or bell
of a trumpet, having equivalent air velocity, diffusion properties, and particle filtration.>>->° Taking
this approach, each lobe, i.e. right upper (RU), right middle (RM), right lower (RL), left upper
(LU), and left lower (LL), was converted to a unique horn shell design with an enclosed flexible
end unit for generating airflow (Figure 3A).

To physically realize the particle properties, we considered 3D printed lattices, which are typically
used in structural applications, as a tunable network of pores and cylinders for airflow and
filtration. 3D printed lattices achieve regular structure with near-arbitrary geometry, enabling a
priori design selection to achieve geometric properties like porosity (relative void space) and
surface area. The ratio of these quantities specifies the hydraulic diameter (dn), or the dimension
of an equivalent tube in fluid applications. The hydraulic diameter is directly analogous to the
airway diameter for a given generation. Therefore, by choosing lattice properties to match dn and
scaling the horn shell, the lobe approximation implicitly maintains characteristic dimensions such
as the surface area-to-volume ratio and local air velocity.



Ideally, the lobe approximation process considers each airway generation in aggregate, selecting
a single lattice configuration for each region and yielding equivalent geometric properties, fluid
characteristics, and filtration efficiency for every combination of lobe and generation. In reality,
the filtration efficiency of a generation is a complex function of multiple factors, including
breathing maneuver, airway orientation, and aerosol composition. Further, not all lattice
configurations are physically realizable.?® In printability testing, we evaluated the Weaire-Phelan
unit cell structure®® (Figure 3A) for a number of combinations of cell length (l¢) and strut radius
(r), on account of its foam likeness and pore density, which facilitated property alignment and
computation (Figures S1 and S2). However, after developing approaches to print fine lattices at
unprecedented large scales on the order of 120 mm overall diameter, we found that this scale and
configuration was not conducive to resin removal in post-processing, limiting the available lattice
design space.

To facilitate the design and processing lifecycle, we applied a constraint cascade to the lobe
approximation, starting with a lattice selected to have 50 + 15% porosity, which would enable a
single overall lobe shell structure to accommodate both the print resources available and a range
of lattice designs, without updates to the shell. As shown previously,’” constraining porosity also
constrains the dimensionless radius (r* =r/ I¢) for a given unit cell design, leaving unit cell edge
length as a degree of freedom to tune hydraulic diameter and making the design space more
manageable. Because of print and file size constraints, the diameter of the full 3D horn structure
had to be truncated (Figure 3A). We applied truncation to the shell at a point corresponding
roughly to the transition between inertia-dominant deposition to sedimentation- and diffusion-
dominant deposition mechanisms, where alveoli begin to appear along the airway walls at
approximately generation 15 (G15).%® In this constrained lobe structure, two lattice regions were
designed corresponding to printable ranges and clinical regions of interest, i.e. central and
peripheral deposition zones (Figure 3A). The central lattice region spanned airway branch
generations 3-8 (G3-G8) on average, for a nominal average dn = 5 mm; the peripheral lattice
occupied the remaining generations of each lobe, with nominal average dn = 1 mm. Further relevant
quantities and parameters for each lobe are shown in Tables S2-S7.

To highlight the modularity of the lattice approximation, we designed two central lattice
configurations for each lobe (Figure 4). One design used a constant beam thickness throughout
the lattice structure (“uniform”, Figure 4A, right), aligned with the target average dn for each lobe
based on single-cell calculation of r* = 0.09 and nominal lc = 13 mm. However, it has been shown
for configurations where the overall diameter is close to the unit cell size, constrictions cause
geometric properties to deviate from single-cell predictions.’” To limit constriction at the lobe
entrances, we designed another structure with a thickness gradient along the generational axis of
the horn structure (“graded”, Figure 4A, left), creating thinner elements at the entrance by
applying a thickness gradient from r* = 0.03-0.09 linearly along the length of the central lattice
region. The graded central lattices are more open and closer to the average morphometric
dimensions for the corresponding generations (Figure 4B). The peripheral lattice region and
configuration were selected based on the design parameters that gave the finest repeatable prints
(r = 0.2 mm, lc = 2.3 mm). X-ray microcomputed tomography (CT) confirmed that quarter-
sectioned peripheral lattice layers produced resolved pores after post-processing (Figure 3C), and
all lattice parts were determined to have reasonable dimensional fidelity based on part mass
(Figure 3D). The complete 3D printed parts of the LL are shown in Figure 3E; when fitted with
an upper airway, these components can be used as a modular reduced model (Figure 3F).



In terms of geometric quantities between the approximation and tabular morphometric data, the
total design surface area of the lobe approximation aligned with the model airway values but
deviates dramatically in alveolated regions on account of the fine surface features of the lung,
which are designed to facilitate oxygen and carbon dioxide exchange over an area greater than 100
m2.! Such fine features, however, exceed the resolution accessible to this process. The total TIDAL
design volume is on the order of 7 liters, greater than the 5.4 liters of the measured adult basis
(Figure 3B). This excess resulted from the design simplification of using identical silicone shells
to approximate the alveolar volume of all the right upper and lower and left upper and lower lobes.
Based on this agreement and visual inspection, the lattice parts were deemed suitable for assembly
into the complete airway approximation.

Constructing the experimental TIDAL system to generate breathing
maneuvers

We assembled over 250 components comprising the full TIDAL system, which includes the upper
airways, five lobe approximation units, motion-related hardware, control software, and a modular
frame enclosed within a chamber connected to the building exhaust system (Figure 1). We
augmented the upper airway with attachments at the mouth, including a flow meter, nebulizer, and
non-rebreathing valve (NRBV; Figure 2C). To enable bidirectional breathing capability, we
implemented motion control of each individual lobe via a serial communication protocol with an
Arduino MEGA microcontroller board, a Python application programming interface (API) layer,
and a graphical user interface (GUI) layer. Using the GUI (Figure 1), users can prescribe a control
curve for each lobe’s inhalation and exhalation maneuver. With lattices populating each lobe unit,
we evaluated the influence of the motion control parameters in producing physiologically relevant
breath volumes and airflow rates (Figure SA-D).

Identical parameters were assigned to inhalation and exhalation, equal for all lobes. The rate of
motion was varied within the bounds of motor speed, and motion extent was varied to create a set
of four test conditions, dubbed fast-tidal, fast-moderate, resting-tidal, and resting-moderate
breathing. Resting breath times were longer, ranging from approximately 7-13 breaths per minute,
compared to the fast conditions, which ranged from 26-45 breaths per minute, approaching
hyperphysiological levels. Because of high measurement variability in the reverse-flow direction,
as indicated by the flow meter manufacturer, only inhalation breathing quantities were analyzed
further. In terms of inhalation flow rate, the greatest magnitude was achieved by the fast-moderate
condition (26 SLPM), with the least from the resting-tidal (15 SLPM). Although average flow rate
(Qavg) was higher for the fast inhalation conditions, average flow rate did not show meaningful
differences for either breathing rate when shifting between tidal to moderate breath extent (Figure
5E). Tidal volume (TV) varied from 46043 - 860+2 mL for resting breathing, compared to 180+4
- 35049 mL for fast breathing, highlighting the complexity of breathing dynamics in the system
and the capacity to generate a range of conditions (Figure SF).

Testing the TIDAL system to map aerosol deposition

To test the aerosol deposition quantification capabilities of the TIDAL system and probe the
influence of lattice design, we dosed aerosols to the system under breathing conditions for two
central lattice designs: beams with graded thickness and beams with uniform thickness (Figures
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4A, 6). Selecting a representative benchmark case for aerosol deposition is complicated by the
coupling of patient morphology and behavior, formulation, delivery method, and measurement
technique. For this reason, Conway et al. published a series of studies which evaluated a number
of patient-specific parameters in humans, controlling the in vivo aerosol administration and
inhalation parameters.*® In line with their study, we dosed liquid aerosol particles at the mouth of
the model, using an Aerogen vibrating mesh nebulizer. These particles were generated from a
solution of rhodamine B fluorescent dye, and the resulting cloud was measured to have a volume
median diameter (VMD) of 6.77 pm with moderate variability (geometric mean diameter 4.51 pum
and geometric standard deviation 2.25, Figures S3-S4). Rhodamine B was recovered from the part
with high fidelity in washed parts with no impact on lattice mass (Figure S5) and residual
rhodamine B was successfully removed following deposition studies with additional wash steps
within a tolerance of <3%. In addition to benchmarking purposes, the selection of this aerosol
formulation arose from the primary considerations of aligning device type with breathing exertion
generated by the lung system, limiting particle bounce associated with solid particles, and enabling
downstream analysis without necessity of radio-based techniques. Quantification of rhodamine B
was determined through fluorescence measurements and reported in spatial maps of each TIDAL
region (Figure 6A).

We delivered the aerosols for two breath extents, targeting a maximum inhalation flow rate of 18
SLPM and an inhalation volume of 600 mL or 1000 mL, respectively described as shallow or deep
breathing that aligned with Conway et al. protocol. Table 1 shows a summary of breathing and
deposition data for shallow and deep breathing with the graded central lattice design (Figure 6B,
C). For both conditions, over half of the deposited dose was collected from the upper airways and
extrathoracic region, and deposition was slightly increased in lower lobes compared to upper lobes.
Central and peripheral contributions to lobar deposition are shown in Figure 6 maps, indicating
relatively greater peripheral deposition than central deposition for each lobe.

To validate these results, we compared them to three benchmark cases under similar exposure
conditions, at different levels of resolution: individual lobes, standard compartmental regions, and
overall lung regions from in vivo standards. The multiple path particle dosimetry (MPPD)%¢!
model predicts the percentage of the deposited dose between each lobe as approximately the
following: 7% RU, 3% RM, 14% RL, 7% LU, 14% LL, yielding an L:R ratio of 0.85. Increased
breath volume yields a ~7% increase in predicted total deposited dose but negligible change in the
distribution between lobes. While the TIDAL system deviates in lobar trends between each side
of the lungs, the overall deposited dose fractions are comparable to the MPPD model predictions.
The standard compartmental lung model benchmark was provided by KDEP®?, an open-source
offering of the International Commission on Radiological Protection (ICRP) model.!>'®* KDEP
and ICRP Publication 66 report broad regional trends based on extrathoracic, bronchial,
bronchiolar, and alveolar deposition compartments. '>!¢ In terms of the deposited dose, KDEP
predicts a cumulative 71% in the nose, mouth, and upper respiratory region, 5% in the bronchial
compartment, 5% in the bronchiolar compartment, and 18% in the alveolar compartment. Based
on the corresponding generations, the central lattice region of the TIDAL model is analogous to
the bronchial compartment, and the peripheral lattice region is analogous to the combination of the
bronchiolar and alveolar compartments. Although the TIDAL estimate of bronchial deposition
(30%) exceeds the KDEP prediction, the TIDAL model collected 23-35% of the deposited dose in
the distal lobe segments, consistent with the corresponding compartments.



Conway et al. reported aerosol deposition in vivo as the central-to-peripheral deposition ratio
(C:P). These regions refer to rescaling of 2D scintigraphy data into a series of shells where signal
from the inner half of shells constitutes central deposition, and signal from the outer half constitutes
peripheral deposition.>® This technique can be sensitive to the definition of each region but benefits
from being broadly applicable across patient populations.®'-%>%* From the benchmark data, C:P
ratios for planar analysis are expected between 1-2, and computational fluid dynamics studies
additionally report nearly equal deposition between central and peripheral regions.® In order to
better compare the deposition results from the TIDAL system, they must be remapped from the
generation space of the lobe approximation to the planar space used in scintigraphy, to account for
the fraction of airways in a generation that overlap into each bulk region.®®! After applying this
operation, the planar-equivalent C:P for the graded lattice studies was 0.89+0.02 and 0.84+0.04
for shallow- and deep-breathing maneuvers, respectively, which does not indicate a statistically
significant difference between these conditions (p = 0.18). Although slightly lower than the
expected values from the in vivo benchmark, the experimental values of the TIDAL model are
within a reasonable range of performance across the two cases.

Underscoring the modular nature of the TIDAL system, we evaluated the sensitivity to a change
in lattice design by replacing the gradient-thickness central lattice with a uniform-thickness design
occupying the same footprint. Results for the uniform-thickness design using the shallow breathing
maneuver inputs are shown in Figure 6D and summarized in Table 1. Compared to the graded
central lattice design, which is more open at the entrance of each lobe approximation, the TIDAL
model in this configuration showed greater deposition in the central region and in the left lobes.
The planar-equivalent C:P ratio for the uniform central lattice design was 1.08 + 0.03, which was
statistically significantly different from the graded central lattice design (p < 0.01). In relation to
the three benchmark cases, the uniform central lattice design shows results more similar to the
MPPD prediction in the left lobes, compared to the graded design. The shift from peripheral to
central deposition results in a higher fraction of deposited dose observed in the equivalent
bronchial compartment of the ICRP 66 (KDEP) model, exceeding the model prediction. Compared
to the in vivo benchmark cases where the expected planar C:P ranges from 1-2, the TIDAL model
with uniform lattice shows improved agreement with the results based on physical human
evaluation.

With this array of conditions, we considered the entire system’s performance, based on the emitted
dose (ED, aerosol introduced to a subject) and deposited dose (DD, aerosol reaching the surface
of the lungs). By the in vivo benchmark, up to 90% of the emitted dose is deposited in the lungs.
However, as predicted by the validated KDEP and MPPD models, 70-80% ED will deposit, with
20-40% ED landing in the airways, depending on model and breathing condition. Across all
TIDAL studies, deposited dose was 51 + 11% ED, with 29 +4.2% ED in the airways. This TIDAL
deposited dose exceeds that of the inhalation-only SimlInhale in vitro benchmark case which
reported roughly 22 + 3% ED deposited for 4.3 pm aerosols at 15 SLPM.® Thus, the TIDAL
model predicts lower overall dosage but relevant levels of on-target deposition for pulmonary
delivery and in line with other noteworthy in vitro approaches. These results show that across
relevant scales and under various breathing conditions, the TIDAL model can detect differences
in outcomes, using a modular design that can be tuned to align with other validated models, patient
data, and pathophysiology.



Discussion and Outlook

For aerosol medicine to be effective, it must reach and deposit within the appropriate regions in
the lung, but the current paradigm of relying on a formulation’s particle size is an incomplete
indicator of in vivo aerosol deposition in the lung.®” To achieve a system that captures the patient-
specific variables and device interactions of pulmonary delivery, TIDAL aims for equivalence
between patient and model with respect to volume, surface area, and breathing maneuver. By using
computational design and additive manufacturing, we developed a pipeline for modular designs
and parts based on patient data. Our patient-derived parts enable fully sealed lobe approximation
units that surpass previous studies of inhalation-only maneuvers, yielding conserved air exchange
during both inhalation and exhalation maneuvers. With these features, this platform addresses an
unmet need in in vitro systems to enable the personalized study of transient aerosol deposition for
a wide range of formulations, devices, administration techniques, and patient demographics.

Physiological features were considered during approximations of the lung without loss of critical
elements. The upper airways are encased in cartilage and generally more rigid than the
parenchymal lung tissue. Therefore, while these airways may be subject to some motion during
breathing, they are mostly static,%*%° so they may be approximated as rigid or semi-flexible, as in
the TIDAL model. Furthermore, the prevalence of upper airway architecture variants is important
to capture patient-specific influences to flow and deposition profiles. Despite the typical
description of a regular bifurcating tree-like system, up to 25% of the population may exhibit
deviance from the typical morphology and associated genetic markers, which can be associated
with increased risk for COPD.” Such variants include the presence or absence of auxiliary
airways, or even the relocation of airway branches to sites along the trachea or terminated airway
paths.”!”2 Their typical orientation and range of motion may be more unique to each patient, giving
rise to more subject-specific flow profiles influencing early particle deposition in the
tracheobronchial region and propagating to downstream deposition profiles. This early particle
deposition is also highly influenced by the dynamic glottis geometry that creates the laryngeal
jet,”® which may require additional model controls to include the transient behavior associated with
various breathing maneuvers.”* By maintaining the upper airways in this approximation, we
preserve the impaction behavior likely to be seen in vivo from these critical upper airway features
and can accommodate patient-specific features without sacrificing modularity.

The aerosol deposition qualities of the deeper airways must also be reconstituted. TIDAL leverages
3D printed porous metamaterials to provide tunable spatial filtration within each lobe unit. From
previous in vitro studies, it was determined that filtering structures are capable of simulating upper
airway structures.!”?® Packed-bed-like structures were also able to reflect some of the
sedimentation and diffusional deposition modes, although not always strictly in the same manner
as the airways.?!"** The TIDAL approximation leverages modern additive manufacturing, which
has reached a point of realizing architected materials that constitute highly tunable porous media
at scale, with effectively arbitrary shape. This design flexibility, coupled with the ability to make
processable, open, and self-supporting structures,?® means that a similar porous media approach
may theoretically be able to achieve filtering behavior in a way that recapitulates what is observed
in human subjects at a patient-specific level. As shown here, the TIDAL system transforms a
concept like the computational 1D trumpet model into a physical 3D representation (Figure 3A).
Future iterations to incorporate additional patient data and/or pathophysiology can leverage the



design of tunable 3D printed porous metamaterials to incorporate regional obstructions,
deteriorations, or even structural flexibility.

The lobe unit approximation allows for TIDAL to achieve physiologically relevant breathing flow
rates and overall inhalation-exhalation profiles. Breathing profiles (Figure 5) are within the ranges
reported by the ICRP model for sitting (TV = 750 mL; 12 breaths per minute; Qavg = 9 LPM) or
light work (TV = 1250 mL; 20 breaths per minute; Qavg = 25 LPM).!>1¢ In observations of the
moderate breathing extent maneuvers, the silicone shells displayed a tendency to irregularly snap
back into the uncompressed hemispherical shape, which is reflected in the inhalation waveform.
This phenomenon alludes to complexity in the breathing output resulting from the complex
relationship between lobe geometry, position, and rate of actuation. Further refinement of the lobe
unit and compressible region may help minimize this incongruity. We have facilitated adjustment
of the breathing maneuvers by using Bezier control curves for inhalation and exhalation motion,
through which arbitrarily complex maneuvers can be created from a small, finite number of inputs
and adjusted graphically or programmatically. This enables future application of process control
or machine learning techniques to tune the breathing waveforms and align with lobe-level variance
during the course of breathing.”> Moreover, such advanced controls over the inhalation-exhalation
profile will enable this model to probe mechanisms of deposition during the breathing maneuver
and evaluate the role of breath holds in overall deposited dose, building from computational studies
in the acinar region demonstrating their significance.’®”’

The modular TIDAL platform provides aerosol deposition assessment under physiological
breathing conditions that are reasonably aligned with clinical human observations (Figure 6).
Extensive validation of the spatial deposition results is challenged by the high variability of clinical
data and the discrepancies between regional measurements and generational airway architecture.
Our results for both the gradient- and constant central lattice demonstrate distinct regional
deposition profiles that are consistent with Conway et al. and the two computational models. Our
values may differ from the benchmark in vivo study because of differences in extrathoracic
dimensions and breathing maneuvers. While the TIDAL inhalation maneuver took place over a
similar length of time as the Conway et al. study, there was less distinction between inhalation and
hold, and the flow rate varied over the course of inhalation. In contrast, the benchmark study
supplied a balance stream of compressed air to artificially maintain a constant inhalation flow rate
of 18 LPM. Slower inhalation, even for larger aerosol sizes, has been shown to increase lung
penetration and deposition.”® Coupled with shorter inhalation time, there would have been
enhanced conditions for impaction-driven deposition at earlier generations in the benchmark study
and greater aerosol deposition in the central region.

Overall, we have addressed several practical challenges in the realization of a next-generation in
vitro platform for inhaled aerosol testing. More broadly, this work has realized accessible
processes for 3D printing fine lattices at large scales and for converting between tabular airway
data to CAD- and additive-manufacturing-ready formats. These developments have culminated in
a first-of-its-kind self-contained airway approximation capable of cyclic volume exchange and
quantifiable aerosol deposition at the scale of the human lung. We envision this model benefiting
both individually tailored aerosol delivery and the development of optimized aerosol devices and
strategies. Our approach facilitates a customizable model that may enable targeted delivery for
individuals; however, a more immediate application likely involves use of generalized models with
approved devices and formulations to guide optimal breathing maneuvers or device designs to
expand inhaled products beyond current indications or with generic products. Our design and
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control pipeline is openly available for collaboration, with an aim to address the gaps in preclinical
tooling and improve the effectiveness of inhaled medicine. The extensibility and modularity of
this airway approximation platform have the potential to further enable rapid screening of devices,
equivalency testing for generic products, or investigation of motion and mucosal dynamics in the
upper airways towards improving inhalable drug delivery.

Experimental Procedures

Resource Availability

Lead contact. Further information and requests for resources should be directed to and will be
fulfilled by the lead contact, Catherine Fromen (cfromen(@udel.edu)

Materials availability. This study did not generate new unique materials.
Data and code availability.

Geometry, breathing, and deposition data, including data processing and analysis code, have been
deposited at Zenodo under the DOI 10.5281/zenodo.11122589 and are publicly available as of the
date of publication.

Micro-CT and all other data reported in this paper will be shared by the lead contact upon request.

All computational geometry code has been deposited at Zenodo under the DOI
10.5281/zenodo.11110113 and is publicly available as of the date of publication.

All control software code has been deposited at Zenodo under the DOI 10.5281/zenodo.11113197
and is publicly available as of the date of publication.

Any additional information required to reanalyze the data reported in this paper is available from
the lead contact upon request.

Software and computational resources

Most computation, including analysis and control methods, was performed on a standard desktop
or laptop computer running Windows 10 or Ubuntu. Computational design was performed in
Rhino 6 and Grasshopper (Robert McNeel & Associates) on a Windows 10 desktop with 16 GB
RAM and a 2GB dedicated graphics processor as the primary device. The in-house Grasshopper
plugins facilitating lattice design are available at github.com/fromenlab/LatticeTools. In some
cases, a desktop with 64 GB RAM and a 4 GB dedicated graphics processor was used to expedite
lattice generation or visualization. Some parts were designed in Fusion 360 (Autodesk, Inc.).
JavaScript Object Notation (JSON) was used as a human- and machine-readable means of data
transfer and logging in plain text format, recording results, metadata, and properties used to
perform computations and generate structures. Python (3.9, Anaconda) and R (4.2) were used
extensively for data processing and communications.
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In-house software was developed for controlling the TIDAL system. Layers of abstraction were
implemented in the system to enable control of the lung approximation without need to manually
interact with the underlying components. These layers include a command protocol for controlling
the motors associated with each lobe, an application programming interface (API) to enable control
of the motors via Python scripting, and a graphical user interface (GUI) to enable control of the
entire system without the need for code, including features for logging and real-time analysis. This
architecture enhances accessibility and usability, consistent with the modular nature of the TIDAL
system. The control software is available at github.com/fromenlab/tidal.

Additive manufacturing and materials

Lattice were 3D printed via vat photopolymerization on a Carbon M1 (Carbon, Inc.) in UMA 90
Black resin with 100 um slicing resolution. Sample lattice parts were sourced from Diversified
Plastics, Inc. (Minneapolis, MN) to evaluate processing steps and production scaling. Molding was
done with Ecoflex 00-30 (Smooth-On, Inc.), commonly used in soft robotics applications. The
mold for the right middle lobe was printed on a Creality Ender 5 S1 in PLA, while the mold for
other lobes was printed in a combination of UMA 90 Black and EPU 40. All materials were
processed according to manufacturer recommendations, which included one or more of:
mechanically removing excess material from the part surface, spraying or immersing in isopropyl
alcohol (IPA; Fisher Chemical), spraying with compressed air, centrifugal spinning, and UV
exposure. Post-processed parts were left to equilibrate for 24 hours before use. After production,
part mass was measured and converted to estimated volume using the manufacturer-specified solid
material density. Pore clearance in lattice quarter parts was evaluated by visual inspection and X-
ray micro computed tomography (micro-CT, Bruker Skyscan 1276) with nominal resolution of 20
pm.

Upper Airway

The Geometry C upper airway was obtained from Professor Yu Feng of Oklahoma State
University.*” The original model includes an idealized mouth-throat region fit to the patient-
specific tracheobronchial airway model from the X-ray computed tomography (CT) scans of a
healthy 47-year-old adult male, 174 cm tall and 78 kg. From the interpolated scans of a GE 64-
slice scanner with resolution 512 x 512 pixels to 500 mm x 500 mm and 2.5 mm slice thickness,
the airway model consists of airway branches up to at most generation 8 (G8).>” The airway tree
was characterized using a combination of the PyRaabe software program,*’ in-house
modifications,*® and additional post-processing with the Vascular Modeling Toolkit (VMTK).#-!
A five-lobe truncated airway model, similar to that reported by Kolewe et al.,** was generated by
tracing the centerline associated with each lobar bronchus and splitting the airway model at a point
on the centerline. The process is included in the code supplement and as described elsewhere.”

Lobe approximation and lattice design

To facilitate the lung approximation production, a porosity (¢) range of 50% was selected to enable
a single shell design while also facilitating interchangeability of parts. Lattice design parameters
near 50% porosity fix the dimensionless radius value for a given unit cell geometry and correspond
to the peak in specific surface area for a unit cell at a given cell length. Therefore, any processing
effects that would cause perturbations to the dimensionless radius — undercuring or overcuring as
a result of resin type, or overcuring as a result of part scale, which are not predictable a priori —
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would result in outcomes comparable to the expected values for surface area and porosity, based
on the design dimensions.

The lobe shells were designed based on use of an idealized Weaire-Phelan unit cell at r* = 0.09
(porosity, € ~ 0.625) and the asymmetric morphometric model of Yeh and Schum.>? Given the
similarity between the patient details of the upper airway model in this study and the morphometric
model, no additional scaling was applied to the morphometric data before generating the parts for
the lung replica. For each lobe, the published tabulated data were reproduced and processed to
obtain a form suitable for CAD input. The morphometric data at each generation and in each lobe
were used to determine the diameter of a circle with equal area compared to each generation’s
cumulative cross section. As necessary, equivalent area circles were adjusted to permit lattice
insertion and removal. This occurred only in the left lower lobe. The lattice porosity was used to
scale the circle diameters by &2, This was based on an ideal analogy to porous media in a pipe.

Where the lobe shell exceeded the printable area of the Carbon M1, it was truncated with
consideration given to the maximum printable generation and the location of the terminal
bronchioles. That generation marks the increasing presence of alveoli along the airway walls and
a transition to sedimentation- and diffusion-dominant aerosol deposition mechanisms.>>%%% The
maximum printable generation was identified as the largest generation with a scaled equivalent
diameter not exceeding 140 mm, and the remaining volume of the lobe was extruded linearly, to
maintain volume equivalence. The entire lobe shell was designed as a multi-part assembly and
separated into multiple parts to achieve printability (Figure 3A, 3E). Lattice components were
also sectioned and printed as partial components, due to challenges with printing lattices at full
scale (Figures 3C, S2).

The alveolar shell was designed based on an extrusion of the maximum printable generation. The
compressible volume was designed as a hemisphere, to facilitate both multi-part printability and
casting of a flexible silicone shell. To facilitate prototyping, the same mold was used for the right
upper, right lower, left upper, and left lower lobes. The compressible hemisphere was designed
with an inner diameter of 128 mm and wall thickness of 4 mm, the largest design that could be
printed to create one half of the mold in two parts. The right middle lobe mold design used a 2 mm
wall thickness and 40 mm internal diameter, scaled for the correspondingly smaller anatomical
dimensions.

Lattice geometries were designed in Rhino 6 and Grasshopper as described previously.?®*” Both
the Kelvin®®! and Weaire-Phelan (WP)*? geometries have been used to represent individual
alveoli in other lung modeling efforts. They are relevant because both are solutions to the problem
of filling space with equal-volume cells and minimal surface area, as is common in the natural
arrangement of foams and analogous to efficiently distributing air volume in contact with the
alveolar epithelium.’® The WP geometry has the highest surface area density of these standard
lattice geometries, which allows designs to concentrate the hydraulic diameter in a given unit cell
size. Thus, for a finite number of cells, the hydraulic diameter can be minimized to approach the
analogous dimensions of the airways. This also permits the design of larger unit cells as needed to
achieve a target hydraulic diameter, thereby limiting the computational demand of discretizing the
design space. For these reasons, the WP lattice was selected for further experimentation.

For lattice design, the lobe shell was divided into two lattice regions, central and peripheral,
corresponding to relevant regions for aerosol deposition in the lung and the Conway et al.
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benchmark study.* Based on the printability results shown in Figures S1-S2, a common unit cell
configuration was selected to represent a/l peripheral regions across the five lobes. The peripheral
lattice design utilized the WP geometry at a cell length 2.3 mm and strut radius 0.2 mm, based on
the processability of these dimensions at part scales on the order of 120 mm diameter. The cutoff
point between central and peripheral generations was selected to align the generation-averaged
diameter of the airways with the hydraulic diameter of the lattice structure for the peripheral
design. From there, the lattice design for the central airway was determined by identifying the
lattice configuration yielding an equivalent hydraulic diameter as the generation-averaged airway
diameter for the generations between the lobar bronchus and the cutoff generation, using a
dimensionless radius of r* = 0.09. A central lattice design was made for each lobe with a gradient
thickness ranging from r* = 0.03-0.09 over the height of the part. Additional part dimensions for
uniform (non-graded) parts are listed in Figure 3B and Table S2.

Hardware, electronics, and environmental controls

Low-cost, easy-access materials were preferred for hardware and electronics. To support the lung
replica and enclose the apparatus, an environmental chamber was constructed from T-slot strut.
The chamber occupies a footprint of 0.91 m x 0.61 m x 0.61 m or 0.51 m® (3° x 2’ x 2’; 18 ft’)
using exclusively off-the-shelf 17 T-slot strut and bracket hardware to create the frame skeleton.
Within the frame, additional struts were added to support each of the motors, lobes, and upper
airway parts. The motor support struts are configured to have three degrees of freedom for
positioning the motor base at any point along the three main axes of the frame. With seven total
degrees of freedom for each motor, the framing system is capable of accommodating any lung
geometry within the footprint.

Considering system isolation to mitigate the risks of aerosol exposure in the lab environment,
transparent polymer sheets were fitted to the four side walls and top of the frame, sealed with
silicone sealant or electrical tape. Passthrough ports were drilled into the side walls for electrical
wiring, and a mechanical exhaust system was retrofitted from a compressed air cabinet of similar
overall dimensions. This system was specified to evacuate the cabinet at 80 standard cubic feet per
minute (SCFM), resulting in approximately four air changes per minute when activated in this
system.

NEMA 23 stepper motors (StepperOnline 23HS30-3004S) were driven by a DM542T stepper
driver (StepperOnline) and controlled via an Arduino MEGA 2560 (Arduino S.r.l.). The motors
were controlled via a single interrupt service routine and direct port manipulation, to send pulses
with resolution on the order of microseconds and limit overlap of blocking operations which could
result in motion delays. Gears were designed using Rhino/Grasshopper, based on standard parts.

Breathing profile analysis

For initial breathing studies, breathing rate was controlled by setting the motor delay uniformly at
500 or 2100 (arbitrary units) for each of the lobes, and breath extent was controlled by the number
of steps relative to a “home” position. The motor delay of 500 was determined to be the lower
bound of delays to produce safe motion in the system. For aerosol deposition studies, breathing
maneuvers were controlled by a software version permitting Bezier curve-defined profiles.
Breathing performance was confirmed before aerosol studies, using one curve for inhalation and
one curve for exhalation, common to all lobes. Breathing profiles for at least five maneuvers were
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recorded in standard liters per minute (SLPM) from a TSI Model 4043 flow meter (TSI, Inc.). The
flow meter was aligned with the inhalation direction of flow, and exhalation flow readings were
not corrected for overestimates caused by misaligned flow direction. In accordance with
recommendations for spirometry provided by the American Thoracic Society and European
Respiratory Society, the sampling rate on the flow meter was set to 10 ms per reading.® For each
condition, a series of breaths was performed, and the first and last inhalation and exhalation cycles
were removed from consideration so that the analyzed breaths could be considered at steady state
operation. The ambient temperature for all experiments was approximately 20 °C, and relative
humidity ranged between 10-50% for aerosol experiments.

Aerosol delivery and quantification

Aerosols were delivered to the model using an Aeroneb Lab Nebulizer (Aerogen), which uses a
vibrating mesh to produce a cloud of liquid aerosol droplets at a flow rate of at least 0.1 mL/min.
The output of the nebulizer was evaluated with a TSI 3330 Optical Particle Sizer to have volume
median diameter (VMD) of 6.77 um with geometric mean diameter 4.51 pm and geometric
standard deviation 2.25 (See Figures S3-S4 for distributions). The nebulizer was loaded with a
solution of water and rhodamine B at a concentration of 5 mg/mL and run for 15 seconds before
starting the breathing profile of 60 breaths over approximately 5 minutes. Additionally, an adapter
was designed and printed to connect the mouth of the model to a nebulizer and a non-rebreathing
valve (Series 2630, model 112416, Hans Rudolph, Inc.). The non-rebreathing valve (NRBV)
separates inhaled and exhaled air, enabling quantification of the amount of aerosol exhaled in
deposition studies. Upon completing the breathing profile, all parts were separated and washed
using 100-200 mL of house filtered water. Deposited mass was estimated by comparing
fluorescent signal to a standard curve for rhodamine B, as measured by a Cytation V plate reader
(BioTek). Washing was confirmed to not have lingering adverse effects on lattice composition, as
evaluated by mass change (Figure SS5).

To convert TIDAL deposition to a planar space for comparing the central-to-peripheral deposition
ratio to in vivo scintigraphy studies, a matrix transformation was calculated based on assigning a
fraction of airway each generation to central and peripheral regions, equally splitting the
intermediate zone between the two. The distribution of airways in each generation corresponding
to central and peripheral regions was adapted from previous reports,’*®! and our source code is
available as referenced in the Resource Availability section. In line with calculations from Conway
et al., deposition in MT and TB are not included in our C:P determinations.
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Figure 1. Overview of the TIDAL system. Patient features are preserved in the TIDAL model,
and distal airways are approximated as 3D printed lattice filters by considering their cumulative
regional properties. The TIDAL model is programmed with controllable breathing parameters
within an enclosed aerosol delivery space. With the TIDAL system, it is possible to assess spatial
aerosol deposition and account for interactions between device, formulation, and patient factors.
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Figure 2. Upper airway features. (A) The patient-specific upper airway tree is discretized into
individual branches and truncated for the TIDAL model. Shaded regions indicate unique branches.
Lobe abbreviations: right upper (RU), right middle (RM), right lower (RL), left upper (LU), left
lower (LL). (B) Airway length and diameter are characterized for each individual airway from the
full tree geometry. (C) Truncated upper airway model with modular extrathoracic region, including
idealized mouth-throat replica and device attachments. See also Table S1.
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Figure 3. Airway approximation features. (A) Each lobe is approximated by a horn shell derived
from the cumulative airway dimensions. The shell is scaled and filled with a porous lattice structure
based on the Weaire-Phelan repeat unit cell geometry. (B) Comparison between tabular lung
volumes™ and TIDAL approximation volumes for each lobe. TIDAL regions (Central, Peripheral,
Extrusion, Compressible) correspond to void space shown in (A). (C-E) All parts are 3D printed
and characterized. (C) X-ray computed tomography slice (left) and visual inspection (right) of a
peripheral quarter segment. (D) Part mass converted to volumes are consistent with design
features. (E) 3D printed realization of (A) showing components of the LL. (F) The individual lobe
can be fitted with upper airway attachments to create a reduced model. See also Tables S2-S7.
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Figure 5. Breathing profiles generated by the complete TIDAL system, corresponding to resting
breathing for an adult. (A-D) Breathing waveforms corresponding to fast-tidal, fast-moderate,
resting-tidal, and resting-moderate configurations, respectively. (E) Summary of peak and average
inhalation flow rates. (F) Summary of inhalation volumes during breathing. Reported as average,
where error bars indicate standard deviation (n=5).
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Figure 6. Acrosol deposition maps for three conditions after 60 breaths. (A) The TIDAL model
was dosed with fluorescent rhodamine B-loaded aerosol (VMD 6.77 um) from a vibrating mesh
nebulizer for a period of 60 breaths, then disassembled and washed to quantify spatial aerosol
deposition for (B) shallow breathing with graded central lattice, (C) deep breathing with graded
central lattice units, and (D) shallow breathing with uniform central lattice units. (B-D) Top:
average deposition map. The converted planar C:P deposition ratio is shown for each condition
(mean + standard deviation). Middle: overlayed breathing maneuver flow profiles for 24 breaths
(A, B) or 28 breaths (C). Bottom: corresponding aerosol deposition as a percentage of mass
recovered within the TIDAL model (n=3, mean + standard deviation). See also Figures S3-S5.
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Tables

Table 1. Summary of aerosol deposition experiment breathing conditions and results. Aerosol
deposition reported as a percentage of rhodamine B recovered from the TIDAL model
components. See also Figures 6, S3-S5.

Breathing Shallow Deep Shallow

maneuver

Central lattice Graded Graded Uniform

design

Breath volume 592 +19 1068 + 17 679 £123

(mL, standard)

Peak inspiratory 199+1.0 23.7+£0.7 215423

flow rate (SLPM)

Average 11.1+0.4 12.8£0.2 12.7+2.3

inspiratory flow

rate (SLPM)

Aerosol

deposition (%)
MT 47.0+13.2 38.1+1.3 40.2+5.7
TB 13.9+6.7 23.9+1.9 12.0 £4.8
RU 7.8+1.2 59+04 6.8+09
RM 73+1.0 6.5+1.7 79+2.1
RL 8.5+3.0 6.8+1.3 80+1.4
LU 6.0+2.5 8.0+0.8 9.7+1.5
LL 9.6+29 10.8 +2.8 154+2.2

L:R 0.66 £0.18 1.0 +0.28 1.1£0.11
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