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Abstract: The treatment for asthma and chronic obstructive pulmonary disease relies on forced
inhalation of drug particles. Their distribution is essential for maximizing the outcomes. Patient-
specific computational fluid dynamics (CFD) simulations can be used to optimize these therapies.
In this regard, this study focuses on creating a parametric model of the human respiratory tract
from which synthetic anatomies for particle deposition analysis through CFD simulation could be
derived. A baseline geometry up to the fourth generation of bronchioles was extracted from a CT
dataset. Radial basis function (RBF) mesh morphing acting on a dedicated tree structure was used to
modify this baseline mesh, extracting 1000 synthetic anatomies. A total of 26 geometrical parameters
affecting branch lengths, angles, and diameters were controlled. Morphed models underwent CFD
simulations to analyze airflow and particle dynamics. Mesh morphing was crucial in generating
high-quality computational grids, with 96% of the synthetic database being immediately suitable
for accurate CFD simulations. Variations in wall shear stress, particle accretion rate, and turbulent
kinetic energy across different anatomies highlighted the impact of the anatomical shape on drug
delivery and deposition. The study successfully demonstrates the potential of tree-structure-based
RBF mesh morphing in generating parametric airways for drug delivery studies.

Keywords: respiratory diseases; particle deposition; computational fluid dynamics; RBF mesh
morphing; parametric airways modeling

1. Introduction

The exploration of particle deposition in human airways is of paramount importance
in advancing the comprehension of aerosol treatment efficacy [1]. The administration of
medical drugs via inhalation stands as a prevalent therapeutic approach for managing
widespread respiratory conditions such as asthma and chronic obstructive pulmonary
disease (COPD) [2–4]. However, the complex and variable anatomy of human airways, cou-
pled with the substantial inter-patient morphological variation, significantly contributes
to the complexity of particle trajectories during inhalation [5,6]. Despite the potential
therapeutic benefits of aerosolized drug delivery, the variability in particle trajectories
within the complex architecture of human airways often results in suboptimal drug deposi-
tion [5,7]. This non-optimal distribution can lead to unmanaged symptoms and disease
progression in patients with respiratory conditions. In this regard, a comprehensive under-
standing of these phenomena is crucial for tailor-made inhalation therapies to individual
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patient characteristics, ensuring optimal drug deposition and, consequently, enhanced
treatment outcomes [8–10].

To unravel the complex fluid dynamics phenomena that govern the transport and
deposition of particles in the airways for accurately estimating the regional dose, numerical
models have emerged as a powerful solution [11–13]. In this regard, computational fluid
dynamics (CFD) stands out as a key numerical tool, offering a versatile approach to analyze
and simulate complex airflow patterns within the human respiratory system [14–17]. In
the last decade, different authors have exploited numerical tools to model the human air-
ways [18–23]. Several studies explored the capabilities of CFD models as a tool to investigate
lung injuries [24–26] as well as to optimize drug deposition in human airways [22,23,27–30].
However, the numerical analysis of drug delivery in the respiratory system involves not
only the challenges of particle deposition modeling but also considerations of the inherent
complexity and time-consuming nature of CFD studies [31,32]. Conducting detailed CFD
simulations of patient-specific anatomies is a multifaceted process, encompassing the de-
tailed variations in airway morphology and physiological parameters. In fact, the highly
variable and complex anatomy of human airways introduces significant challenges in
accurately modeling the airflow and particle trajectories [33–35]. Each individual’s airway
geometry can highly influence how and where particles deposit, making generalizations
difficult. Then, the physical characteristics of the particles themselves, such as size, shape,
and density add another layer of complexity [11,36]. These characteristics directly affect the
particles’ behavior in the airway flow, influencing factors like inertial impaction, sedimen-
tation, and diffusion. Moreover, the dynamic nature of breathing patterns, encompassing
varying flow rates, further complicates predictive modeling. This variability can lead
to differing deposition patterns even under similar conditions and must necessarily be
accounted for when simulating these phenomena. Moreover, the time-consuming nature of
these simulations poses a significant limitation, particularly in urgent clinical cases where
timely decision-making is critical. These complexities necessitate sophisticated modeling
approaches and make the prediction of particle deposition challenging for respiratory drug
delivery studies. In this complex scenario, CFD analyses for particle deposition could
benefit from the implementation of mesh morphing techniques to adapt a baseline patient-
specific geometry to a wide range of anatomically different models based on the variation
of selected morphological parameters, thus significantly reducing computational costs.
The importance of using morphing techniques to parameterize the geometry related to
anatomical models enabling systematic and controlled shape variation for patient-specific
analyses and sensitivity studies is discussed in [37]. In particular, radial basis function
(RBF) mesh morphing was already exploited to enhance the CFD modeling and simulation
in the cardiovascular field [38–42].

In this context, our study focused on addressing the challenges previously described
by deriving a parametric model of the human respiratory tract capable of generating new
synthetic patient-specific geometries on which the representation of the airflow and the
particle deposition of the drug could be derived. In this work, we aimed to translate
the solution efficacy of RBF mesh morphing to control the shape and size of the upper
part and the first three generations of the respiratory tract. In particular, we started
with a patient-specific anatomy that we used as baseline geometry to represent different
human airways. The mesh of the respiratory tract was created, and its surface portion
was subdivided into multiple regions. In order to control each portion of the model,
the respiratory tract from the mouth to the fourth generation was described by a set of
geometrical parameters. These geometrical parameters consisted of bend radius, diameters,
areas, bifurcation angles, and branch lengths. A novel approach based on a specific
radial basis functions mesh morphing algorithm acting on the surface computational grid,
restructured into a tree-like framework, was implemented to artificially vary the anatomy
up to the third generation. It acts recurrently, adapting each part of the parametric model
at every iteration according to the provided input parameters. The airflow and particle
parameters most relevant for calculating flow patterns and drug deposition in the human
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respiratory system were identified. These include particle diameter, flow rate, and injection
velocity. The most occurring ranges of shape and physical parameters were determined.
A total of 1000 different configurations of the input parameters were created. The quality
of the grid for each new synthetic patient was checked, and CFD simulations for particle
deposition were conducted.

2. Materials and Methods
2.1. Baseline Geometry and Centerline Extraction

A CT dataset of a subject volunteer (male, 47 years old) was selected to extract the
three-dimensional geometry of the human airways. The dataset was already used in other
studies [18,23]. The images were segmented using thresholding methods [43] and then
manually refined to obtain the anatomy of interest. The entire human respiratory system
comprises 23 generations of airway branches. Asgari et al. [44] conducted a study on the
deposition of aerosol microparticles in a realistic lung model spanning from the mouth to
the sixth-generation bronchioles. Their findings indicated that aerosol deposition in the
case of micron-sized particles predominantly occurs in the superior regions of the airways.
For these reasons, in this work, only the upper and central parts of the respiratory tract
have been considered, and the segmentation was performed up to the fourth generation
of bronchioles, as shown in Figure 1a. To ensure a fully developed flow in the outflow
zones, the last segments of the bronchial branches were elongated into pipes of uniform
cross-section for a length of 4 times the diameter. Subsequently, the centerline of the model
was extracted using VMTK [45] through Voronoi diagrams [46] after automatic detection of
the inlet and outlet seed points. The extracted centerline was represented by a set of splines
controlled by known points. At the inlets and outlets, the geometry was specifically cut
to have a flat surface perpendicular to the centerline, suitable for setting the inflow and
outflow boundary conditions of the CFD model. The parameter related to the diameter
of each tract was extracted using the same approach proposed in [47]. Briefly, 100 cutting
planes perpendicular to the centerline were obtained on each branch. For each branch,
8 segments joining two portions of the perimeter were drawn passing through the center of
the plane (i.e., the intersection point of the centerline). These segments spanned angles of
22.5° between them. The average length of the 8 segments constituted the assumed average
diameter Di of that plane. The average diameter of a given tract was instead defined as:

D = mean{D1, . . . , D100} (1)

At each bifurcation of the centerline, a local reference system was inserted to control
the bifurcation angle. The origin was placed coincident with the last point before the
division of the previous spline into two subsequent splines. The first direction of the
reference system was given by the vector connecting the last two points of the spline related
to the superior tract. The second direction was determined by computing the normal to the
plane passing through the first common point of the bifurcation and the second two control
points of each spline. The third direction was obtained through the vector cross-product.

2.2. Mesh Generation and Decomposition

A polyhedral mesh consisting of 1.8 million cells was generated using ANSA pre-
processor (BETA CAE Systems, Root, Switzerland). The surface mesh was initially created
and an inward extrusion was performed, generating 10 prismatic boundary layers required
to accurately predict the wall boundary flow, as shown in Figure 1d. The surface mesh
was subsequently partitioned into different sections to uniquely identify the anatomical
structures of interest, including the glottis, larynx, epiglottis, trachea, and lower bronchi,
shown in Figure 1b. From the trachea onwards, for each branching, a computational buffer
zone was identified on the surface grid, which included at least 15 surface polyhedral
elements along the direction of the airflow. This zone was defined by isolating parts of
the surface grid with cutting planes perpendicular to the centerline. Each buffer zone was
created with the aim of absorbing the transformations of the computational grid between
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one domain and the following. After isolating the surface grid, each domain, including the
buffer zones, its nodes, and their coordinates, was placed in an organized tree structure
using a Python dictionary. Each branch of the tree thus had a pointer to the father domain
and to the respective children.

Figure 1. (a) The segmented model with the centerline extracted for all bifurcations up to the fourth
generation. (b) Complete model divided into sections represented by different colors controllable
through the mesh morphing: the name of the structures up to the second generation is indicated.
(c) View of the superior part of the airways with the identified geometrical parameters. (d) Cutting
plane from where the computational grid and the boundary layers were visible.

2.3. RBF Mesh Morphing Background

RBF mesh morphing was used to modify the baseline mesh to represent new synthetic
anatomies. Among the morphing methods documented in the literature, RBFs are notably
recognized for their adaptability to any type of mesh and their superior interpolation
capabilities [48]. In particular, RBFs allow the spatial interpolation of a scalar function
known at discrete points, called source points (SPs). The displacement of a mesh node in
three spatial directions can be described by solving a linear system whose order is equal to
the number of SPs used, as detailed in [49]. The interpolation function is the following:

s(x) =
N

∑
i=1

γi φ(∥x− xsi∥) + h(x) (2)

where x represents a generic position in space, xsi denotes the SP position, s(·) is the
function representing a transformation Rn → R, φ(·) is the radial function of order m, γi is
the weight, and h(x) is a polynomial term with degree m− 1. The unknowns, which include
the polynomial coefficients and the weights γi of the radial functions, are determined by
forcing the function to pass through the source point values and imposing an orthogonality
condition for the polynomials. The linear problem can be expressed in a matrix format:[

M P
PT 0

]{
γ
β

}
=

{
g
0

}
(3)

where M is the interpolation matrix that comprises all the distances between the centers of
the RBF Mij = φ

(∥∥xi − xj
∥∥), P is the matrix containing the polynomial terms that has for

each row j the form Pj = [1, x1j, x2j, . . . , xnj], and g represents the known values at SPs.
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Each contribution to the displacement in one of the three directions comes from the follow-
ing interpolation:

sx(x) = ∑N
i=1 γx

i φ(∥x− xsi∥) + βx
1 + βx

2x + βx
3y + βx

4z
sy(x) = ∑N

i=1 γ
y
i φ(∥x− xsi∥) + β

y
1 + β

y
2x + β

y
3y + β

y
4z

sz(x) = ∑N
i=1 γz

i φ(∥x− xsi∥) + βz
1 + βz

2x + βz
3y + βz

4z
(4)

When dealing with a mesh, the updated positions of each node can be obtained as:

xnodenew = xnode +

sx(xnode)
sy(xnode)
sz(xnode)

 (5)

where xnodenew and xnode represent the vectors containing the updated and original positions
of the specified node, respectively.

2.4. RBF Mesh Morphing Application

When applying mesh morphing to the airways, the sections pertaining to the oral
cavity, epiglottis, larynx, and glottis were specifically adapted by modifying the curvature
radius of the upper respiratory tract or altering the area of the glottis and epiglottis,
changing the parameters depicted in Figure 1c. From the trachea to the third generation of
bronchi, all structures were controlled using a recursive morphing approach based on the
underlying tree structure. The Level Order Traversal technique was used for navigating the
tree, whereby all nodes at the same level were completely traversed before moving on to
the next level. The function “Traverse”, reported below with a pseudocode in Algorithm 1,
was used to traverse the tree and prepare the specific morphing operation according to the
flag variable (translation, rotation, offset):

Algorithm 1 Traverse(Smorphing, Tree, Flag)

1: % Initialize the Queue for traversal
2: Queue.add(Tree.root)
3: while Queue.IsNotEmpty() do
4: Sanalized ← Queue.GetFirstNode()
5: Queue.RemoveFirstNode()
6: if Sanalyzed = Smorphing then
7: if Flag = “translation′′ then
8: Prepare_morphing_domains_translation(Sanalized, Tree, Direction, Magnitude)
9: Return

10: else if Flag = “rotation′′ then
11: Prepare_morphing_domains_rotation(Sanalized, Tree, Axis, Angle)
12: Return
13: else
14: Prepare_morphing_domains_o f f set(Sanalized, Tree, Diameter)
15: Return
16: end if
17: end if
18: if Sanalyzed.Has_Children() then
19: for Child ∈ Sanalyzed.GetChildren() do
20: Queue.Add(Child)
21: end for
22: end if
23: end while

Overall, starting from ns controlling parameters, ns morphing procedures were ex-
ecuted within a specific cycle, each acting on a specific section. This approach enabled
variations in the bronchial opening angles, enlargement of diameters in each structure, and



Fluids 2024, 9, 27 6 of 21

elongation of the branches belonging to each generation. For every procedure, the surface
mesh was stored and used as the starting mesh for the subsequent morphing operation.
This recursive process resulted in a completely modified surface mesh based on the ns
controlling parameters. Upon completion of the procedure, a full morphing process was
also performed on the volumetric mesh, using the points of the initial surface mesh as
SPs, with a displacement determined by the position of the points of the final updated
surface mesh [50].

The morphing quality was assessed by deriving the maximum aspect ratio and min-
imum orthogonal quality [51]. The aspect ratio (ARi) of the i-th cell was determined by
calculating the ratio between the length of the longest edge and that of the shortest edge.
This ratio serves as an indicator of the cell’s geometric perfection. Ideally, in a regular cell,
the aspect ratio should be 1. In contrast, for cells with less regular shapes, the aspect ratio
exceeds 1, reflecting the disparity in edge lengths. The use of boundary layers, however,
results in rather high expected AR values. For these reasons, in addition to the AR, the
orthogonal quality (OQ) is also computed by considering the faces of the individual cells.
Two quantities are calculated for each j-th face:

• The normalized dot product of the area vector of a face (
−→
Aj), whose direction is given

by the orientation of the face in space, and a vector from the centroid of the cell to the
centroid of that face

−→
f j :

OQj,1 =

−→
A j ·
−→
f j∣∣∣−→Aj

∣∣∣∣∣∣−→f j

∣∣∣ (6)

• The normalized dot product of the area vector of a face (
−→
Aj) and a vector from the

centroid of the cell to the centroid of the adjacent cell that shares that face (−→cj ):

OQj,2 =

−→
A j · −→c j∣∣∣−→A j

∣∣∣∣∣−→c j
∣∣ (7)

The OQ value of the j-th face is then evaluated as:

OQj = min
{

OQj,1, OQj,2
}

(8)

Faces with poor OQ will have values closer to 0, while those with optimal OQ will approach
a value close to 1.

Below, the morphing transformations performed iteratively on the tree structure of
the airways are described in detail.

2.4.1. Translation

The pseudo-code for lengthening or shortening a specific branch associated with a
surface Si delimited by two boundaries δbe f ore and δa f ter exploiting the tree structure is
reported below in Algorithm 2.

Algorithm 2 Prepare_morphing_domains_translation(Sanalized, Tree, Direction, Magnitude)

1: Copy_Tree← Tree
2: δ f ixed ← Sanalized.Get_δbe f ore()
3: δ f ixed.SetMotion(0)
4: δmoving ← Sanalized.Get_δa f ter()
5: δmoving.SetDirection(Direction)
6: δmoving.SetMotion(Magnitude)
7: Srigid_motion ← Sanalized.GetSubtree()
8: S f ixed ← Copy_Tree.Remove([Sanalized, Srigid_motion])
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The same operations are also described by Figure 2. The portion of the geometry
undergoing morphing was only that identified in Sanalyzed. The SPs imposing the motion
were contained in δbe f ore (fixed) and δa f ter (moved). The entire sub-tree from that domain
onwards underwent a rigid motion, for which the calculation of RBFs was not necessary.
The preceding portion, however, remained fixed.

Figure 2. (a) Identification of edges for translation and of fixed domains with imposed rigid motion.
(b) Direction of translation. (c) Mesh after morphing. (d) Effect of the morphing translation on a
derived cutting plane along the direction of flow propagation of the airways model.

2.4.2. Rotation

Regarding the rotations, these were set to either increase or reduce the opening angle
of each branch up to the third generation. In this morphing action, the buffer designated to
absorb the rotation was identified using the same tree traversal algorithm, followed by the
identification of its superior and inferior boundaries (in this case, the buffers split into two;
thus, it is necessary to uniquely identify both the left and the right contours downstream).
The nodes belonging to the upstream boundary were kept fixed in space, while those on
the downstream in the left branch underwent a clockwise or counter-clockwise rotation
according to the desired opening or closing. The entire downstream surface mesh then
experienced a rigid rotation around the initially identified local rotation axis. The rotation
applied for opening the right branch of the second generation is shown in Figure 3. A
simplified pseudo-code is described below in Algorithm 3:

Algorithm 3 Prepare_morphing_domains_rotation(Sanalized, Tree, Axis, Angle)

1: Copy_Tree← Tree
2: δ f ixed ← Sanalized.Get_δbe f ore()
3: δ f ixed.SetMotion(0)
4: δrotating−le f t ← Sanalized.Get_δa f ter().GetLe f t()
5: δrotating−le f t.SetAxis(Axis)
6: δrotating−le f t.SetRotation(Angle/2)
7: δrotating−right ← Sanalized.Get_δa f ter().GetRight()
8: δrotating−right.SetAxis(Axis)
9: δrotating−right.SetRotation(Angle/2)

10: Srigid−rotation−le f t ← Sanalized.GetLe f tSubtree()
11: Srigid−rotation−right ← Sanalized.GetRightSubtree()
12: S f ixed ← Copy_Tree.Remove([Sanalized, Srigid_rotation_le f t, Srigid_rotation_right])

2.4.3. Offset

Regarding the variation of diameter (or area) of each branch, an offset transformation
was implemented. All nodes belonging to the selected surface were translated in a direction
perpendicular to the surface according to the nodal normal, in order to achieve the desired
diameter/area. To avoid abrupt changes between the upstream and downstream domains,
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the buffer parts acted as domains for absorbing the transformation. The edges that were not
affected were indeed kept fixed by imposing a null motion on the corresponding SPs. The
offset transformation is shown in Figure 4 and the pseudo-code is reported in Algorithm 4:

Algorithm 4 Prepare_morphing_domains_o f f set(Sanalized, Tree, Diameter)

1: Copy_Tree← Tree
2: δ f ixed ← Sanalized.GetFather().Get_δbe f ore()
3: if Sanalized.GetFather().Get_δa f ter().GetSize() = 2 &

Sanalized.GetFather().Get_δa f ter()[0] = Sanalized.Get_δbe f ore() then
4: δ f ixed.append(Sanalized.GetFather().Get_δa f ter()[1])
5: else
6: δ f ixed.append(Sanalized.GetFather().Get_δa f ter()[0])
7: end if
8: δ f ixed.append(Sanalized.GetChildren[0].Get_δa f ter().GetRight()
9: δ f ixed.append(Sanalized.GetChildren[0].Get_δa f ter().GetLe f t()

10: δ f ixed.SetMotion(0)
11: So f f set ← Sanalyzed
12: So f f set.SetO f f set(Diameter)

Figure 3. (a) Identification of the edges where rotations are applied to morph the buffer domain.
The domain before the buffer is fixed, whereas the left branch downstream undergoes a clockwise
rotation, and the right branch an anti-clockwise rotation. (b) Rotation of the edges according to the
angle theta around the local reference system. (c) Mesh after morphing. (d) Effect of the morphing
rotation on a derived cutting plane along the direction of flow propagation of the airways model.

Figure 4. (a) The offset is applied by translating all nodes related to the surface affected by the
diameter variation. (b) Offset direction for the Source Points belonging to the specific modified
segment. (c) Mesh after morphing: the offset is absorbed by the upstream and downstream domains,
which act as buffer zones. (d) Effect of the morphing offset on a cross-section perpendicular to the
centerline of the airways model.
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2.5. Synthetic Database Creation

With the purpose of generating new virtual patients, the model underwent ns = 41 morphing
operations. These corresponded to 15 transformations related to the lengths of the branches,
from the trachea to the third generation, 7 rotations for angles concerning each bifurcation,
2 transformations for the area of the epiglottis and glottis, 16 variations of the diameter
for the structures from the trachea to the third generation, and 1 parameter related to the
curvature of the superior part. However, in order to simplify the control of the model, the
parameters related to the diameter were linked together and managed through a single
diameter that scaled all the others accordingly, as described in [52]. This morphologi-
cal relationship had already been discussed in previous publications [53,54]. Globally,
26 geometrical parameters were identified to create a design of experiments and control
the parametric model through RBF mesh morphing. The control of the parametric mesh
using RBF mesh morphing extended to the structure of the tertiary bronchi. The range of
geometrical parameters used was derived from literature [55]. This range was specifically
selected to ensure that the geometric variations fall within a physiological range of values
and do not result in configurations that are impossible in nature. It is reported in Table 1.
A Latin hypercube method [56] was used to generate 1000 synthetic anatomies ready for
CFD simulation.

Table 1. List of geometrical parameters to parameterize the computational model.

Full Parameter Name Parameter
Abbreviation

Minimum
Value

Maximum
Value

Area of the epiglottis Aepiglottis 80 mm2 340 mm2

Area of the glottis Aglottis 86 mm2 330 mm2

Upper airway curvature radius Rcurvature 45 mm 55 mm
Trachea diameter Dtrachea 16.5 mm 21.5 mm
Trachea length Ltrachea 103 mm 132 mm
1st generation angle Θ1 75◦ 105◦

1st generation left branch length LG1L 51 mm 58 mm
1st generation right branch length LG1R 23 mm 29 mm
2nd generation left branch angle Θ2L 70◦ 90◦

2nd generation right branch angle Θ2R 75◦ 95◦

2nd generation left-left branch length LG2LL 20 mm 25 mm
2nd generation left-right branch length LG2LR 19 mm 25 mm
2nd generation right-left branch length LG2RL 28 mm 39 mm
2nd generation right-right branch length LG2RR 15 mm 20 mm
3rd generation left-left branch angle Θ3LL 80◦ 105◦

3rd generation left-right branch angle Θ3LR 80◦ 105◦

3rd generation right-left branch angle Θ3RL 75◦ 95◦

3rd generation right-right branch angle Θ3RR 80◦ 105◦

3rd generation left-left-left branch length LG3LLL 7 mm 13 mm
3rd generation left-left-right branch length LG3LLR 6 mm 10 mm
3rd generation left-right-left branch length LG3LRL 7 mm 11 mm
3rd generation left-right-right branch length LG3LRR 7 mm 11 mm
3rd generation right-left-left branch length LG3RLL 15 mm 19 mm
3rd generation right-left-right branch length LG3RLR 8 mm 13 mm
3rd generation right-right-left branch length LG3RRL 7 mm 10 mm
3rd generation right-right-right branch length LG3RRR 7 mm 10 mm

2.6. CFD Settings

The airflow is driven by a differential pressure between the mouth (acting as inlet) and
the terminal branches of the airways (serving as outlet). A Dirichlet boundary condition
consisting of a parametric inflow velocity was imposed at the level of the mouth, and no-slip
boundary conditions were assumed on the solid walls [57]. Each outlet section was named
according to the specific lung segment it supplied air to. We hypothesized a simplified
uniformly distributed zero pressure at the outlets, a standard practice often adopted in
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computational analysis of the human airways [58,59]. We assume no effects caused by
the mucus generally present on the airway layers [60]. The Navier–Stokes equations for a
steady-state case were solved using the second-order upwind momentum SIMPLE scheme,
and the pressure-velocity coupling method was adopted. The following mass conservation
equation was solved:

∇ · (ρu⃗) = 0 (9)

where ρ is the density, and u is the air flow velocity.
On the other side, conservation of momentum was described by:

∇ · (ρu⃗u⃗) = −∇p +∇ · (τ̄) + ρg⃗ (10)

where p is the static pressure, τ̄ is the stress tensor, and ρg⃗ is the gravitational body force. No
external body force arising from the interaction with the dispersed phase was considered in
this one-way coupling. The air was assumed with density ρ = 1.225 kg/m3 and a viscosity
of µ = 1.8 × 10−5 kg/(m s).

Not having experimental data to optimize the turbulent model to be used, the transi-
tion SST model was here employed. It was often defined as the best choice for predicting
inhalation velocity profiles and turbulent kinetic energy [61,62]. This model is based on the
coupling of the SST k-ω transport equations with one additional equation for the intermit-
tency and one for the transition onset criteria. The transport equation for the intermittency
γ is defined as:

∂
(
ρUjγ

)
∂xj

= Pγ1 − Eγ1 + Pγ2 − Eγ2 +
∂

∂xj

[(
µ +

µt

σγ

)
∂γ

∂xj

]
(11)

where the transition sources are defined as:

Pγ1 = Ca1Flength ρS[γFonset ]
cγ3 (12)

and
Eγ1 = Ce1Pγ1γ (13)

where S is the strain rate magnitude, Flength is an empirical correlation that controls the
length of the transition region, Ca1 = 2, and Ce1 = 1. The destruction sources are defined
as follows:

Pγ2 = Ca2ρΩγFturb (14)

Eγ2 = Ce2Pγ2γ (15)

where Ω is the vorticity magnitude. The following function controls the transaction offset:

ReV =
ρy2S

µ
(16)

RT =
ρk
µω

(17)

Fonset 1 =
Rev

2193Reθc
(18)

Fonset 2 = min
(

max
(

Fonset 1, F4
onset 1

)
, 2.0

)
(19)

Fonset 3 = max

(
1−

(
RT
25

)3
, 0

)
(20)

Fonset = max(Fonset 2 − Fonset 3, 0) (21)
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Fturb = e−
(

RT
4

)4

(22)

where y is the wall distance, and Reθc is the critical Reynolds number, where the inter-
mittency first starts to increase in the boundary layer. The remaining constants for the
intermittency equation are Ca2 = 0.06, Ce2 = 50, cγ3 = 0.5, and σγ = 1. The transport equation
for the transition momentum thickness Reynolds number R̃θt is:

∂
(
ρUjR̃θt

)
∂xj

= Pθt +
∂

∂xj

[
σθt(µ + µt)

∂R̃θt
∂xj

]
(23)

with:
Pθt = cθt

ρ

t
(
Reθt−R̃eθt

)
(1.0− Fθt) (24)

t =
500µ

ρU2 (25)

Fθt = min

(
max

(
Fwake e(−

y
δ )

4
, 1.0−

(
γ− 1/50

1.0− 1/50

)2
)

, 1.0

)
(26)

θBL =
Rẽθtµ

ρU
(27)

δBL =
15
2

θBL (28)

δ =
50Ωy

U
δBL (29)

Reω =
ρωy2

µ
(30)

Fwake = e−(
Reω

1E+5 )
2

(31)

with cθt = 0.03 and cσθt = 2. The empirical correlations related to Reθt, Flength, and Reθc
are provided by Langtry and Menter [63]. The transition model interacts with the SST
turbulence model by modification of the k-equation as follows:

∂

∂xi
(ρkui) =

∂

∂xj

(
Γk

∂k
∂xj

)
+ G∗k −Y∗k + Sk (32)

G∗k = γe f f G̃k (33)

Y∗k = min
(

max
(

γe f f , 0.1
)

, 1.0
)

Yk (34)

where G̃k and Yk are the original production and destruction terms for the SST model. For
the air phase, the system of equations were numerically solved by using the finite-volume
approach in ANSYS Fluent v. 221.

2.7. Discrete Phase Model

The discrete phase model (DPM) was included by defining the initial position, velocity,
size, and temperature of drug particles. These initial conditions along with the physical
properties of the discrete phase were used for the initialization of the particle trajectory.
No heat/mass transfer calculations were considered. The drug particles were assumed
as smooth spheres without and with a paramagnetic core (the shell–core particles). The
DPM was solved through a one-way coupling principle, accounting for particle movement
within the airflow while disregarding the impact of particles on the airflow itself [21]. The
trajectory of a discrete phase particle was predicted by integrating the force balance on the



Fluids 2024, 9, 27 12 of 21

particle, written in a Lagrangian reference frame. This force balance is equal to the particle
inertia with the forces acting on the particle and can be written as:

mp
du⃗p

dt
= mp

u⃗− u⃗p

τr
+ mp

g⃗
(
ρp − ρ

)
ρp

(35)

where mp is the particle mass, u⃗ is the air phase velocity, u⃗p is the particle velocity, ρ is the

fluid density, ρp is the particle density, and mp
u⃗−u⃗p

τr
is the drag force with the τr particle

relaxation time evaluated as:

τr =
ρpd2

p

18µ

24
Cd Re

(36)

where µ is the molecular viscosity of the fluid, dp is the particle diameter, Cd is the drag
coefficient, and Re is the relative Reynolds number defined as:

Re ≡
ρdp
∣∣u⃗p − u⃗

∣∣
µ

(37)

The inlet plane at the level of the mouth was selected as input surface, and a uniform
diameter distribution for the drug particle was assumed. Particle diameter (dp), particle
flow rate (Qp), and inflow velocity (vin) were set as input parameters to evaluate the
deposition efficiency for different classes of pharmaceutical particles. The ranges for
them were:

• (in the 0.1 µm ≤ dp ≤ 10 µm )
• (in the 15 L/min ≤ Qp ≤ 190 L/min )
• (in the 1 m/s ≤ vin ≤ 10 m/s )

For all the extracted geometries and for a combination of particle-related parame-
ters, wall shear stress (WSS), turbulent kinetic energy (TKE), and DPM accretion rate
were extracted. Mesh morphing and simulations were performed on a Dell Precision
7820 workstation with 2 16-cores, Intel® Xeon Gold 5218, and 256 GB RAM.

3. Results
3.1. Mesh Morphing

The morphing algorithm allowed for the automatic generation of computational grids
for CFD, removing the need to repeat any manual step from scratch. Maximum aspect
ratio and minimum orthogonal quality are reported in the histograms of Figure 5. The
RBF interpolation methods resulted in smooth spatial transformations that preserved the
surface mesh quality and the structure of the underlying boundary layers. The volume
meshes extracted through mesh morphing were of relatively good quality. Only 47 of
them exhibited an orthogonal quality lower than 0.1. Moreover, within these, the elements
with the lowest OQ always constituted less than 2% of the total grid elements. When
running the simulations, poorly converged runs due to mesh inconsistency were identified
and a remeshing scheme was implemented to prepare a new model for performing the
computation. Relatively few cases showed poor convergence or crashed mainly due to
combinations of the particular parameters, which generated geometry generally difficult to
observe in physiological cases. During a testing phase, creating a DoE of 1000 snapshots,
96% of them proved to be valid, without the need for remeshing, for CFD calculation with
particle deposition.
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Figure 5. Evaluation of the morphing quality using (a) maximum aspect ratio and (b) minimum
orthogonal quality.

3.2. CFD Modeling

Figure 6 presents a quantitative analysis of the WSS along the inner walls of four
different virtual patients (Table 2). Given the complicated geometry of the lung, which
contributes to flow resistance, there is a significant variation in wall shear stress across
different lung airway generations. For all the cases, the turbulent kinetic energy reaches its
maximum near the larynx, subsequently starting to decrease beginning with the trachea
and continually further down towards the lower generations, as shown in Figure 7 for the
models created using the values reported in Table 3.

Figure 6. Assessment of WSS for 4 different configurations of the input variables of the parametric
model (a–d).

Table 2. List of parameters for deriving the anatomies for which the wall shear stress is reported
in Figure 6a–d.

Parameter Name Model (a) Model (b) Model (c) Model (d)

Aepiglottis (mm2) 179.16 209.90 121.05 146.02
Aglottis (mm2) 168.91 320.89 124.13 182.01
Rcurvature (mm) 47.47 52.91 50.22 48.93
Dtrachea (mm) 16.52 18.33 20.98 20.75
Ltrachea (mm) 126.75 124.34 121.73 105.01
Θ1 (◦) 99.98 80.05 82.40 98.51
LG1L (mm) 52.13 56.24 51.69 51.64
LG1R (mm) 27.04 27.09 27.69 24.31
Θ2L (◦) 82.47 82.10 78.74 86.20
Θ2R (◦) 83.33 86.25 90.05 77.39
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Table 2. Cont.

Parameter Name Model (a) Model (b) Model (c) Model (d)

LG2LL (mm) 21.75 23.13 24.28 21.81
LG2LR (mm) 19.60 22.93 21.29 23.79
LG2RL (mm) 38.14 32.53 35.38 34.65
LG2RR (mm) 17.63 16.29 16.54 16.96
Θ3LL (◦) 89.60 93.88 87.01 96.41
Θ3LR (◦) 94.24 91.68 85.83 99.93
Θ3RL (◦) 87.05 88.75 75.38 80.87
Θ3RR (◦) 95.10 101.70 98.95 93.25
LG3LLL (mm) 10.79 8.64 10.63 12.14
LG3LLR (mm) 9.08 9.10 7.32 6.31
LG3LRL (mm) 8.17 10.75 8.32 7.83
LG3LRR (mm) 7.33 8.41 8.78 7.04
LG3RLL (mm) 17.55 16.96 18.33 16.77
LG3RLR (mm) 11.23 10.96 9.07 11.13
LG3RRL (mm) 7.35 7.69 7.45 7.34
LG3RRR (mm) 9.93 8.94 7.85 8.46
dp (µm) 2.89 5.13 5.25 7.33
Qp (L/min) 189.82 105.01 123.29 176.77
vin (m/s) 4.36 4.54 3.39 3.09

Figure 8 shows the visualization of the particle distribution of different-sized particles
for four different cases (Table 4). Generally, particle deposition varies primarily based
on the diameter of the particles. Particles with a smaller diameter tend to deposit more
in the downstream generations compared to those with a larger diameter. The accretion
rate in the upper domains also appears to increase as the inlet velocity decreases. Particle
deposition is dominant in the upper airways, especially depending on the lower flow rates.
This demonstrates that variations in anatomical models produce significant and strong
effects worthy of consideration.

Figure 7. Assessment of turbulent kinetic energy for 4 different configurations of the input variables
of the parametric model (a–d).

Table 3. List of parameters for deriving the anatomies for which the turbulent kinetic energy is
reported in Figure 7a–d.

Parameter Name Model (a) Model (b) Model (c) Model (d)

Aepiglottis (mm2) 179.16 209.90 121.05 214.38
Aglottis (mm2) 168.91 320.89 124.13 274.03
Rcurvature (mm) 47.47 52.91 50.22 48.70
Dtrachea (mm) 16.52 18.33 20.98 20.99
Ltrachea (mm) 126.75 124.34 121.73 114.34
Θ1 (◦) 99.98 80.05 82.40 84.09
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Table 3. Cont.

Parameter Name Model (a) Model (b) Model (c) Model (d)

LG1L (mm) 52.13 56.24 51.69 54.21
LG1R (mm) 27.04 27.09 27.69 26.72
Θ2L (◦) 82.47 82.10 78.74 88.76
Θ2R (◦) 83.33 86.25 90.05 76.47
LG2LL (mm) 21.75 23.13 24.28 21.08
LG2LR (mm) 19.60 22.93 21.29 21.87
LG2RL (mm) 38.14 32.53 35.38 37.11
LG2RR (mm) 17.63 16.29 16.54 15.21
Θ3LL (◦) 89.60 93.88 87.01 84.60
Θ3LR (◦) 94.24 91.68 85.83 101.65
Θ3RL (◦) 87.05 88.75 75.38 81.02
Θ3RR (◦) 95.10 101.70 98.95 101.25
LG3LLL (mm) 10.79 8.64 10.63 10.28
LG3LLR (mm) 9.08 9.10 7.32 9.22
LG3LRL (mm) 8.17 10.75 8.32 9.53
LG3LRR (mm) 7.33 8.41 8.78 9.36
LG3RLL (mm) 17.55 16.96 18.33 17.28
LG3RLR (mm) 11.23 10.96 9.07 12.57
LG3RRL (mm) 7.35 7.69 7.45 9.04
LG3RRR (mm) 9.93 8.94 7.85 7.15
dp (µm) 2.89 5.13 5.25 1.84
Qp (L/min) 189.82 105.01 123.29 42.47
vin (m/s) 4.36 4.54 3.39 1.21

Figure 8. Assessment of particle accretion rate for 4 different configurations of the input variables of
the parametric model (a–d).

Table 4. List of parameters for deriving the anatomies for which the DPM accretion rate is reported
in Figure 8a–d.

Parameter Name Model (a) Model (b) Model (c) Model (d)

Aepiglottis (mm2) 90.94 121.05 175.30 207.09
Aglottis (mm2) 145.64 124.13 124.81 338.24
Rcurvature (mm) 48.25 50.22 47.72 46.29
Dtrachea (mm) 16.80 20.98 18.78 18.32
Ltrachea (mm) 111.38 121.73 122.64 105.05
Θ1 (◦) 80.00 82.40 99.93 96.62
LG1L (mm) 51.79 51.69 53.75 56.42
LG1R (mm) 26.56 27.69 24.52 26.34
Θ2L (◦) 76.82 78.74 86.09 79.35
Θ2R (◦) 86.97 90.05 85.23 86.65
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Table 4. Cont.

Parameter Name Model (a) Model (b) Model (c) Model (d)

LG2LL (mm) 22.35 24.28 22.76 21.70
LG2LR (mm) 21.95 21.29 23.47 21.44
LG2RL (mm) 33.28 35.38 31.32 36.20
LG2RR (mm) 19.56 16.54 15.33 16.77
Θ3LL (◦) 102.64 87.01 83.48 93.17
Θ3LR (◦) 87.55 85.83 100.53 96.38
Θ3RL (◦) 86.36 75.38 85.49 77.47
Θ3RR (◦) 104.86 98.95 83.76 84.02
LG3LLL (mm) 11.14 10.63 10.00 12.92
LG3LLR (mm) 7.67 7.32 8.33 7.96
LG3LRL (mm) 7.16 8.32 7.49 8.10
LG3LRR (mm) 10.40 8.78 10.83 9.61
LG3RLL (mm) 18.70 18.33 18.89 18.12
LG3RLR (mm) 10.57 9.07 10.65 12.01
LG3RRL (mm) 9.98 7.45 8.92 9.77
LG3RRR (mm) 9.17 7.85 8.83 8.67
dp (µm) 8.03 5.25 8.46 6.94
Qp (L/min) 58.43 123.29 152.89 108.11
vin (m/s) 1.23 3.39 1.18 4.65

4. Discussion

Anatomical parameterization can be used either separately or in conjunction with the
physical parameters, enabling the swift creation of synthetic models with controlled geo-
metrical variations. This approach is beneficial as it capitalizes on the detailed information
derived from a real patient-specific model and employs the strengths of parameterization
techniques commonly found in generic models. The ability to morph the geometry is also
crucial in cases where there is a need to replicate anomalous situations of small constriction
in parts of the respiratory tract due to occlusion phenomena. From an implementation per-
spective, significant initial effort was needed to accurately partition the mesh and prepare
the morphing strategy. However, once the scripts were finalized, the process became fully
automated, enabling the creation of an unlimited number of synthetic models by simply
selecting the desired combination of input geometrical parameters. During mesh morphing,
the first boundary layers near the wall are not fixed but undergo minimal deformation,
typically in the micron range. The ability to preserve the y+ by adopting a harmonic
RBF spline is explained in [64]. This adaptability is crucial to accurately reproduce new
unknown geometries while maintaining good mesh quality for accurate CFD simulations,
particularly for capturing near-wall phenomena. Concerning the morphing results, it
should be noted that although the OQ (orthogonal quality) indicates that the degradation
of elements is localized in a relatively small number of cells for only a few generated virtual
patients, a single distorted element can be sufficient to prevent a computational simulation
from reaching convergence. The 4% failure rate in mesh morphing can be attributed to a
combination of factors. The complexity of the anatomical geometry and the limitations
of the radial basis function (RBF) mesh morphing algorithm are significant contributors,
especially in areas with high bifurcation where mesh inconsistency after morphing occurred
in 7 configurations. Additionally, the global interaction of 26 controlled geometrical param-
eters sometimes resulted in unrealistic or unphysiologically accurate airway structures,
leading to failures in 33 synthetic anatomies. It is important to note that there were no
failures associated with inconsistencies in the CFD boundary conditions. These challenges
highlight the complexities of mesh morphing and the importance of the remeshing ap-
proach in response to these failures. Of course, reducing the morphing failures is essential
for better representing complex geometries immediately suitable for CFD simulation. Set-
ting more stringent bounds for the range of geometrical parameters can prevent the creation
of unfeasible airway structures. Adopting incremental morphing steps allows for gradual
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adjustments, ensuring mesh integrity is maintained. Furthermore, it would be appropriate
to define relational constraints for the set of parameters, limiting the variations of some
based on the value of others on which they might depend [65]. Finally, mesh optimization
techniques could further stabilize the grid structure after morphing. The turbulent kinetic
energy plot reveals that turbulence occurs immediately beyond the oropharynx region, and
it decays quite rapidly after that in all 960 simulated cases, as already shown in [66]. This
work highlighted how a tree-structure-based morphing approach could be used to generate
patient-specific human airway models for performing fluid dynamics by controlling a set
of geometrical parameters. This achievement is particularly important for medical research,
especially in drug delivery optimization to understand how a drug might deposit more in
some geometries rather than others. Typically, this type of research is performed on a single
shape, while patient-specific deviations can have a large impact on the outcome of such
research. This type of research is normally executed by hospitals/clinics, pharmaceutical
companies, and other companies that provide technical solutions for the healthcare industry.
However, particle deposition within the human airways, which bifurcate through as many
as 23 generations, is influenced by a considerable number of shape parameters. Modeling
this full extent would lead to a prohibitively high number of mesh cells and impractical
simulation durations. Consequently, our model contains the initial four generations and
allows mesh morphing on the first three. This aspect is rationalized by the observation
that inertial impact is dominant in the upper airways and a large percentage of particles is
deposited in the upper airways, and beyond the fourth generation, the distribution of flow
and particles tends to become more uniform [67].

Limitations and Future Work

While this study marks an important advance in developing patient-specific CFD
models for respiratory drug delivery, it is important to acknowledge its constraints. When
creating the parametric model, only variations within small-occluded human airways
have been considered. However, people with severely constricted airways are in most
need of medical treatment. Therefore, future work should extend the ranges of the shape
parameters accounting for unhealthy patients as well. Secondly, the model considered
here extends up to the fourth generation, and morphing allows controlling up to the third.
Several studies have shown that drug deposition also occurs in subsequent generations,
especially when considering diameters on the order of a few nanometers [68]. Time-variant
inlet profiles could be applied and combined with the parametric model to reproduce
the oscillatory respiratory flow [69,70]. A validation of the in silico model’s deposition
against in vivo models or phantoms is still missing, although it was beyond the scope of
this work [71,72]. In the future, this parametric model will be used to create a database
of results to be compressed in order to obtain a reduced-order model related to specific
clinical parameters of interest, which are fundamental in the creation of digital twins
of the respiratory tract. The current limitations of our study, mainly in the domain of
model accuracy and applicability, highlight directions for future research and development.
Such refinements are essential steps towards the long-term objective of enhancing drug
delivery methods.

5. Conclusions

This work has proposed an approach to control a parametric model of the respiratory
tract for obtaining a wide dataset of virtual patients valid for performing fluid dynamics
simulations for particle deposition, also including the acting physical variables. The
variation of the airway geometry up to the third generation has been controlled. The
findings from this research could provide a significant benefit for simulating particle
deposition within human patient-specific airways. RBF mesh morphing can be used to
automatically create reliable synthetic models for drug delivery analyses. This approach
could allow us to gain deeper insights into the complexities of airflow dynamics and
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particle deposition across different anatomical structures, which is vital for the progression
of personalized medical treatments.
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