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ABSTRACT

Background and Objective: High-frequency chest wall compression (HFCC) therapy by airway clearance devices
(ACDs) acts on the rheological properties of bronchial mucus to assist in clearing pulmonary secretions. Inves-
tigating low-frequency vibrations on the human thorax through numerical simulations is critical to ensure
consistency and repeatability of studies by reducing extreme variability in body measurements across in-
dividuals. This study aims to present the numerical investigation of the harmonic acoustic excitation of ACDs on
the human chest as a gentle and effective HFCC therapy.

Methods: Four software programs were sequentially used to visualize medical images, decrease the number of
surfaces, generate and repair meshes, and conduct numerical analysis, respectively. The developed methodology
supplied the validation of the effect of HFCC through computed tomography-based finite element analysis (CT-
FEM) of a human thorax. To illustrate the vibroacoustic characteristics of the HFCC therapy device, a 146-decibel
sound pressure level (dBgp;) was applied on the back-chest surface of the model. Frequency response function
(FRF) across 5-100 Hz was analyzed to characterize the behaviour of the human thorax with the state-space
model.

Results: We discovered that FRF pertaining to accelerance equals 0.138 m/s?N at the peak frequency of 28 Hz,
which is consistent with two independent experimental airway clearance studies reported in the literature. The
state-space model assessed two apparent resonance frequencies at 28 Hz and 41 Hz for the human thorax. The
total displacement, kinetic energy density, and elastic strain energy density were furthermore quantified at 1 um,
5.2 pJ/m°, and 140.7 pJ/m5, respectively, at the resonance frequency. In order to deepen our understanding of
the impact on internal organs, the model underwent simulations in both the time domain and frequency domain
for a comprehensive analysis.

Conclusion: Overall, the present study enabled determining and validating FRF of the human thorax to roll out the
inconsistencies, contributing to the health of individuals with investigating gentle but effective HFCC therapy
conditions with ACDs. This innovative finding furthermore provides greater clarity and a tangible understanding
of the subject by simulating the responses of CT-FEM of the human thorax and internal organs at resonance.

1. Introduction

deemed more practical and effective than conventional therapies with a
physiotherapist [4]. While some authors conclude that there is no sig-
nificant difference between ACD-based therapy and conventional

Technological advancements in medicine have placed the Internet of
Medical Devices (IoMD) in high demand in the intelligent health sur-
veillance and rehabilitation of respiratory patients [1,2]. As a result,
rehabilitation with airway clearance devices (ACDs) has shown a ten-
dency to be independent of physiotherapists, thereby allowing patients
access to treatment without any dependency on time, location, and
physiotherapist availability [3]. In keeping with the above,
high-frequency chest compression (HFCC) therapy using these ACDs is
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physiotherapy [5], others, on the other hand, report that ACDs provide
1.8-fold higher mucus clearance per therapy session than conventional
chest physical therapy [6]. Hence, the higher the demand for ACDs, the
more improvements and varieties are observed in commercial devices
used in aiding in the drainage of bronchial mucus and the progression of
pulmonary function [7].

Given that experimental studies are limited with regard to per-
forming a detailed investigation of inner organs in a living patient in
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Nomenclature

rate of introduction of gas volume per unit volume (s 1)
wave speed (m.s™)

Young’s Modulus (Pa)

frequency (Hz)

external inputs of force per unit volume (N.m™®)

bulk modulus (Pa.s)

wave number

time variable

steady-state dynamic oscillatory displacement (m)
dynamic pressure (Pa)

lung parenchyma parameters with respect to the air within
pore radius (m)

~mYe B RRTAMO D

Greek Letters
a, B lung parenchyma parameters with respect to the air within

1 dynamic air viscosity (Pa.s)
K permeability (m?)

A Lamé’s parameter (Pa)
u shear modulus (Pa.s)

v Poisson’s ratio

p density (kg.m™>)

T tortuosity

[} air volume fraction

® angular velocity (m.s™H)
Subscript

a air

f fluid

i input

1 lungs

0 osseous region

p porous medium

pf fast compression

ps slow compression

s shear

ss state-space

st solid skeleton

ACD airway clearance device

BMI body mass index

CT computed tomography

DICOM digital imaging and communications in medicine
FEM finite element modelling

FRF frequency response function
HFCC high frequency chest compression
IoMD internet of medical devices

L lungs

MRE magnetic resonance elastography
MRI magnetic resonance imaging
PET positron emission tomography

(0] osseous region

S soft tissue

STL standard triangle language

T trachea

terms of medical ethics, numerical studies allow overcoming this limi-
tation and promote the comprehensive investigation into inner organs in
a safe and expeditious manner [8]. Two of the most essential compo-
nents of accurate modelling are the implementation of geometry and the
determination of material properties. Both of these elements are critical
for achieving accurate results in three-dimensional finite element anal-
ysis (3D FEM) derived from computed tomography (CT) data. In addi-
tion to the accuracy of the material properties of the respiratory systems,
a well-defined CT geometry plays a vital role [9]. While the importance
of numerical studies is unequivocal, developing a complete and relief
model for airway clearance is a relatively complex and multidisciplinary
challenge as it encompasses the entire respiratory system. Furthermore,
these studies explore the detailed relationship between input and output
in the human thorax system through the frequency response function
(FRF). They also examine various tools for feedback system analysis and
design, primarily using state-space models. Accordingly, computed
tomography-based finite element model (CT-FEM) has provided clini-
cians with useful data pertaining to inner organs such as the lungs, and
particularly the bronchioles, which is crucial for the numerical illus-
tration of the vibroacoustic effect of ACDs on the human body.

It has been common practice in modern medicine to use multi-modal
clinical information from CT 3D reconstruction for medical diagnosis as
well as for investigation of the impact of heavy damage on the human
body in motor vehicle crash tests [10,11]. Notwithstanding, in order to
optimize the potential of realistic geometry, clinical image processing
has been accelerated to generate a digital twin for accurate results in 3D
analysis in biomedical engineering. Medical imaging creates a visual
representation of the internal organs of the body for image-guided
biomedical applications such as 3D printing, analysis, diagnosis, and
medical treatments [12]. It consists of magnetic resonance imaging
(MRI), CT, ultrasound, positron emission tomography (PET), X-rays,
etc., which are processed into the standard digital imaging and com-
munications in medicine (DICOM) file format [13]. Various biomedical

software have been used in the literature to create a digital twin with the
most popular packages being Mimics and Slicer 3D [14,15].

The determination of complex material properties plays a crucial role
in FEM to obtain an accurate understanding of the problem to be solved.
Human soft tissue, rib cage, and scapula are considered as viscoelastic
materials and, thus, the Voigt model has been applied in order to
determine their material properties [16]. Due to the material behavior of
the lungs as a poroviscoelastic material, the effective medium theory
and the Biot’s theory have been used to investigate the physical prop-
erties of the lungs in the literature [17]. While the effective medium
theory has been considered for the modelling of the lungs in acoustic
studies since the 1980s [18], the latter is not valid for frequencies below
100 Hz and is only functional for the calculation of compression wave
behavior [17]. Inasmuch, Biot’s theory is generally preferred for
yielding more accurate, reliable, and robust results over a wider fre-
quency range and for the calculation of both compression and shear
wave behaviors [13,17,23].

Low-frequency therapy is one of the applicable means to facilitate
expectoration by reducing mucus viscosity. Chest resonance frequency is
contingent on a multitude of factors such as body mass index (BMI), the
subject’s mass, height, chest size, age, and sex [20,21]. In 1994, Good-
win [21] measured the average resonance frequency of the chest wall on
application of a range of frequencies between 0-100 Hz in 15 fully
healthy subjects, yielding values of 25 Hz and 33 Hz for the male and
female volunteers, respectively. In 2006, Ong and Ghista [20] found
chest resonance frequencies of 26.7 Hz and 27.8 Hz in a sample of 23
healthy male and female volunteers, respectively. In both investigations,
FRF pertaining to accelerance, alternatively referred to as inertance,
exhibits prominent peaks within the range of 0.12 to 0.18 m/s?N. In
addition to the investigated low-resonance frequencies in these studies,
McKusick [22] had previously reported resonance frequencies of 125
Hz, 150-175 Hz, and 300-400 Hz in men, women, and children,
respectively, in 1958. As for the commercial devices investigated in the
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literature, different frequencies have been used, including 15-50 Hz
[20], 20-60 Hz [23], 6-19 Hz [24], 10-28.5 Hz [25], and 20 Hz [26,27].
Therefore, simulating and analyzing dynamic systems of the thorax with
state-space models is instrumental in rolling out the confliction by
finding the modes in the working frequency range of the ACDs. In
addition to the above discrepancies, the limitations of pulmonary
CT-FEM studies due to the intricate geometry and poroviscoelastic ma-
terial properties of the lungs has resulted in research being predomi-
nantly focused on the computed lung model [28,29], phantom lung
[30], CT image of lungs [31], and CT-based trachea [32]. With regard to
ballistic and road traffic accident studies, CT-FEM human thorax models
are preferentially utilized [10,11], although these models do not
incorporate the complex properties of the lungs, such as the poro-
viscoelastic material features and air within the lungs, and moreover
cannot be simulated.

In light of the latter, and given that little is known regarding the
human thorax FRF along with its conflicting data, we hypothesized that
an advanced and validated realistic 3D human thorax CT-FEM could
address the discrepancies reported in ACDs by validating and enhancing
our understanding of the thoracic response. The novelty of the present
work lies in the development and validation of 3D CT-FEM for studying
vibroacoustic HFCC therapy in the low-frequency range. To the best of
the authors’ knowledge, the model, encompassing soft tissues, bone
structure, lungs, trachea, and up to approximately the fourth generation
of bronchi, is the most comprehensive to date. Furthermore, the reso-
nance frequency has been determined and confirmed in two different
sets of experimental data, representing a significant contribution to a
more precise determination of the operating frequency of vibroacoustic
HFCC therapy devices used for treating chronic respiratory diseases.
Finally, the thoracic behavior under HFCC therapy at resonance is
investigated for the first time through advanced 3D simulations. In the
process of creating this advanced CT-FEM, three different software
programs were simultaneously utilized prior to the analysis software.
For the complex material features of the lungs, Biot’s theory was used in
order to integrate the air properties and porous viscoelastic properties
for 20 cm Hy0, whereas the Voigt theory was applied to the other
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internal organs. The model was also tested state-space model at a low-
frequency range of 5-100 Hz, and the time-dependent simulation was
performed in COMSOL 6.1 Multiphysics. Lastly, the total displacement,
kinetic energy density, and elastic strain energy density of the whole
thorax were also investigated in 3D at its resonance frequency in order to
gain a better understanding of the impact of acoustic excitation on in-
ternal organs.

2. Methods
2.1. CT-based medical image rendering and 3D modelling

A digital 3D realistic human thorax twin comprising the bronchial
tree, lungs, soft tissue, and rib cage was developed using CT data as
shown in Fig. 1. For the specific tasks of segmentation, surface reduc-
tion, surface mesh generation, and analysis, four different software
packages were used to allow better supervision within each develop-
ment and ultimately achieve an accurate and realistic CT-FEM.

Firstly, 3D Slicer (v5.4.0) was used during the segmentation, and the
"Segment Editor Extra Effects" extension was adjusted to image an ideal
range for a healthy adult male [33], with a height, weight, and chest size
of 182 cm, 71.8 kg, and 101.9 cm, respectively. The DICOM file acquired
for the subject through CT imaging was retrieved from the software li-
brary. Fully manual, semi-automatic, and refinement tools were
furthermore used to create the entire geometry, and a thresholding
range was applied to determine the region of interest and optimal
Hounsfield unit values. The image of each internal organ was carefully
verified and the gaps inside the segmented organs were filled completely
in order to generate a smooth geometry. Generally, the
high-performance finite element pre-processor HyperMesh is typically
used in the literature [34,35]; however, in order to achieve the optimal
intervention in each step, the following two different software were used
to reduce the surface element number, generate the surface meshes, and
transform the images into solid geometry prior to applying the analysis
software as described below.

Secondly, in addition to its original function in bioprinting, the
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Fig. 1. Imaging, segmentation, surface meshes and simplified geometry of the CT-FEM thorax (a-d) and after the surface reduction of the right lung (e,]), left lung (f,
m), trachea (g,n), right scapula (h,0), left scapula (i,p), rib cage (j,r), and soft tissues (k,s).
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Meshmixer (v3.5) program was used for standard triangle language
(STL) manipulation [35,36]. This software reduces the number of sur-
face elements multiple times to generate a solid bridge for the third
software, as illustrated in Fig. 1(e-s). It represents one of the intricate
components of the generation of meshes in the analysis software.

Thereafter, the object’s surface and triangular meshes were created
for all of the individual geometries and solid asymmetries in FreeCAD
(0.21.0) for the reduced surfaces as illustrated in Fig. 1(c). The assem-
bled thorax geometry consisted of 763k elements. After a comprehensive
analysis, a readable thorax model consisting of high-resolution triangle
meshes for COMSOL 6.1 Multiphysics® was generated. While FreeCAD
exhibits high potential for FEM in biomedical research [37], our deci-
sion was based on the critical requirement of integrating the human
thorax across multiple domains with varying physics. To achieve
optimal accuracy in the field of computational modeling, it is imperative
to examine multiple results to ensure that the yielded data are accurate
and independent of the mesh.

2.2. Material properties of the CT-FEM

The assumption is made that the soft tissue includes muscle, fat, etc.,
and the osseous region consists of the rib cage, scapula, sternum, etc.,
which are considered as viscoelastic material [19]. Therefore, the
calculated material properties according to the Voigt model for both the
soft tissue and osseous region were selected as summarized in Table 1.

The lungs, consisting of a unique and multi-phase porous structure,
are considered as a poroviscoelastic material, while the soft tissue and
osseous region are regarded as a viscoelastic material. Biot’s theory for
human lungs and the Voigt model for soft tissue and osseous region are
used to transform the microscopic heterogeneous features of the internal
organs to macroscopic homogenized features of both regions for FEM
[17,42]. Biot’s theory provides a more robust and accurate model than
the effective medium theory for wave propagation in the lungs in terms
of investigation of wave behavior under low-frequency [17,19]. As for
the lungs, which is a poroviscoelastic, fully saturated, active and dy-
namic organ, the material’s physical properties are unstable. Thus, the
lungs are assumed at 20 cm H,0, which is the appropriate pressure
recommendation in low compliance between 10 and 30 cm H0 [43,44].
For this reason, the slow wave speed (csp), fast compression wave speed
(cp), and shear wave speed (cs) were calculated according to Biot’s

Table 1
Material properties used in CT-FEM for the internal organs.
List Properties Value Ref.
Lungs Air volume fraction, ® 0.71 [17]
Air pressure, P, 1.03x10° Pa [17]
Air density, p¢ 1.2 kgm™3 [17]
Solid bulk modulus, K¢ 2.2x10° Pa [39]
Solid density, p; 1000 kg.m™3 [39]
Pore radius, r 0.225 mm [40]
Tortuosity, T 1.33 [41]
Permeability of porous medium, Kp 25.32x10° 12 m? [17]
Dynamic air viscosity, ng 1.82x107° Pa.s [17]
Solid skeleton bulk modulus, K 8.26x10° Pa [17]
Solid shear modulus, pg 1400+5.78(jw)*° [17]
Airways Young’s modulus — Real part, E; 0.28 MPa [19]
Young’s modulus — Complex part, E, 0.124 MPa [19]
Density, p, 1000 kg.m 3 [19]
Poisson’s Ratio, v, 0.49998 [19]
Soft Tissue Lamé parameter — Real part, A, 2.6 GPa [39]
Lamé parameter — Complex part, A» 0 [39]
Shear Modulus - Real part, 2.5 kPa [39]
Shear Modulus — Complex part, i, 5 Pa.s [39]
Density, ps 1000 kg.m ™3 [39]
Osseous Lamé parameter — Real part, A, 2.6 GPa [39]
Lamé parameter — Complex part, Ap 0 [39]
Shear modulus — Real part, ji; 10x10° MPa [39]
Shear modulus — Complex part, py 20 Pa.s [39]
Density, po 1500 kg.m 3 [39]
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theory by using the material properties for 20 cm Hy0 as depicted in
Table 1 using the following equations [45]:

;i + (KJ, +§) u— (@— PP+ F; = wa(—p +ﬂp,-)u, (@D)]
pPi + /R pfcu2p + p; joa= —pfa)z(a - B, 2)

where u is the steady-state dynamic oscillatory displacement, P repre-
sents the dynamic pressure of the air in the lungs in the frequency
domain, p is the lung density, py represents the density of the gas in the
lung, p represents the shear viscoelasticity of the lungs, Ky is the bulk
modulus of the solid skeleton, ¢ represents the air volume fraction. F; is
the external force inputs per unit volume, o is the angular velocity, and a
is the rate of introduction of gas volume per unit volume. a, f, and R are
the lung parenchyma parameters with respect to the air within [45],
which are determined for 20 cm H,0, 0.225 mm pore radius [17] and at
the desired frequency value. Einstein summation notation is used in the
representation of equations for simplifying the expressions by i and j
index notation; elsewhere i and j represent the complex values.

p= op;+(1—0)p, 3

Assuming that the external excitation is negligible and there is no
variation in the y and z directions, a quadratic equation is obtained using
Egs. (1) and (2). The latter provides two possible solutions; thus, the
positive-valued k, which are kps and ky, are taken as the slow
compression wave numbers and the fast compression wave numbers,
respectively. c,r and cps are calculated using the following equations:

G = wky 4

Cps = wkps 5)

Two compression waves are attenuated by the relative motion be-
tween solid and fluid by viscosity p. As expected, the slow compression
wave has a larger attenuation coefficient than the fast compression wave
and the speed of the slow compression wave is more stable than that of
the fast compression wave at higher frequencies [17].

For shear wave propagation, by neglecting external excitations and
taking the divergence of Eq. (1) and coupling the latter with Eq. (2),
where external excitation is negligible, dilatation u;; is zero, as shown in
Eq. (6) to illustrate shear behavior:

puiy = —(p — fpy )o’u (6)

Hence, c; and the number of shear waves k; are calculated by the
following equations:

# H
c= = 7
“ P — Bpy \//: @

ko= 2 ®)
®
Therefore, cps, ¢y, and ¢ for 20 cm H0 are calculated for the low-

frequency range, starting from 5 to 100 Hz.

2.3. Vibro-acoustic excitation modelling of the thorax

A 3D CT-FEM of the thorax was developed using COMSOL 6.1 Mul-
tiphysics® in the low-frequency domain for HFCC in an ACD setting for
acoustic studies. In order to investigate the resonance frequency in the
low-frequency range, ranges between 5 Hz and 100 Hz were assessed in
solid mechanics in both frequency and time domains. Biot’s theory has
the advantage of introducing a decoupled equation for wave motion in
the FEM. This method is crucial in developing a model to demonstrate
the impact of acoustic excitation on the lungs with the help of acoustic
ACDs.

For the purposes of this study, a 3D CT-FEM of the human thorax as a



A. Uzundurukan et al.

digital twin and a cylindrical shape with a radius of 28 mm was utilized
to simulate a shaker to mimic HFCC therapy. Implementing the therapy,
one precisely imposed a sound pressure level of 146-decibel sound
pressure level (dBspy) to designate the shaker working condition as a
boundary condition of the numerical model, while intentionally keeping
the other boundary conditions free as shown in Fig. 3. FRF pertaining to
accelerance was obtained by selecting the cross-centered point of the
cylindrical shape on the front chest wall to mimic the experimental
studies in the literature. This particular point was strategically chosen
for measuring acceleration in the fluctuating frequency range, minoring
the placement of an accelerometer on the chest wall as demonstrated in
prior rigorously validated experimental studies [20,21]. This deliberate
design aimed to scrutinize the impact of the shaker on the human thorax
for HFCC and align the simulation more closely with real-life experi-
mental measurement, as illustrated in Fig. 3. Moreover, the MATLAB
System Identification Toolbox is employed to simulate and analyze dy-
namic systems of the human thorax using the ’ss’ function within a
state-space model, facilitating the determination of optimal fits. The
resonance frequency of the thorax in the low-frequency range was then
measured and compared and verified with experimental studies in the
literature. After the verification of the resonance frequency, total
displacement, kinetic energy density, and elastic strain energy density
were subsequently investigated.

The generated surface meshes were transformed into a numerical
model with 0.3 M tetrahedral elements, 54k triangles, 33k edge ele-
ments, and 5k vertex elements and solved. In addition, one of the key
components of achieving this goal is through mesh independence
testing, which involves determining the minimum level of mesh
refinement required to obtain consistent and accurate results [38]. The
errors between 0.3 M and 0.7 M cell elements for the resonance fre-
quency and FRF were 0% and 0.3%, respectively. The drawn sensitivity
resulted in different mesh grids converging at 0.3 M elements for both
frequency and acceleration amplitude. The mesh grid with 0.3 M ele-
ments was hence selected for the study, in which the average element
quality according to the skewness test result was 0.578.

3. Results
3.1. FRF of the human thorax and its validation

Modeling of the therapy with a shaker and an accelerometer, FRF,
and phase pertaining to accelerance were illustrated in Fig. 3(a—c). FRF
increased and reached the peak point at 0.138 m/s?N, 28 Hz, subse-
quently dropping up to 60 Hz and remained relatively constant there-
after up to 100 Hz. The results indicated that the best fit with 82%
accuracy is achieved with a state-space model, assessing two distinct
modes with a confidence interval of 99%. The modal analysis of the

36 F 1 0.158
#r 1 0152
5 ~
~32 F %
g { 0146 £
Q ~
330 f )
= Frequency 0 % error ﬁ
. : { 0140
28 —
™ FRF 0.3 % error
26 " N L L L L 0.134

0 0.1 02 03 04 05 06 07
Number of Elements (in Millions)

F

=3

g. 2. Mesh independence test for frequency and FRF at resonance.
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identified state-space model evaluated two apparent frequencies at 28
Hz and 41 Hz, corresponding to these two modes. For mode 1, the ei-
genvalues of the matrix were found to be as -33 + 177i, indicating a
damping ratio of 0.19 and a natural frequency of 29 Hz. As for mode 2, it
exhibited eigenvalues of -38 + 270i, with a damping ratio of 0.14 and a
natural frequency of 43 Hz.

For purposes of validation, the results were compared with the mean
values for female and male subjects from two different and independent
experimental studies of which randomly selected samples are detailed in
Table 2. As clearly observed, the numerical results of the current 3D CT-
FEM were consistent with the findings of the two independent experi-
mental studies at the frequency range of 5-100 Hz for HFCC therapy
with ACDs. The first experimental study reported average chest reso-
nance frequencies of 26.7 Hz and 27.8 Hz for male and female volun-
teers, respectively, while the second study showed average chest
resonance frequencies of 25 Hz and 33 Hz for males and females,
respectively. Moreover, sample subject number 11, which had the
closest anthropometric measurements (102 cm chest size, 75 kg weight
and 1.83 cm height) to our CT-FEM, also had the closest results with our
numerical model.

For purposes of validation, the results were compared with the mean
values for female and male subjects from two different and independent
experimental studies of which randomly selected samples are detailed in
Table 2. As clearly observed, the numerical results of the current 3D CT-
FEM were consistent with the findings of the two independent experi-
mental studies at the frequency range of 5-100 Hz for HFCC therapy
with ACDs. The first experimental study reported average chest reso-
nance frequencies of 26.7 Hz and 27.8 Hz for male and female volun-
teers, respectively, while the second study showed average chest
resonance frequencies of 25 Hz and 33 Hz for males and females,
respectively. Moreover, sample subject number 11, which had the
closest anthropometric measurements (102 cm chest size, 75 kg weight
and 1.83 cm height) to our CT-FEM, also had the closest results with our
numerical model.

For acceleration results in the same direction of the excitation, y-
direction, the contour plots of the analysis data depicted in Fig. 4 and
Fig. 5 were limited to the validated frequency spectrum on the sternum
whilst considering a wider interval of approximately 0.02 m/s®N for
both the maximum and minimum values in order to better reflect the
actual response. Therefore, it allows that the presented data are reliable.
Furthermore, to ensure logical consistency in the results, the next cap-
pings were determined by taking this logical consensus into consider-
ation, in harmony with the acceleration results.

3D solutions of the acceleration at various frequencies are illustrated
in Fig. 4 for 10 Hz, 20 Hz, 28 Hz, 40 Hz, and 50 Hz in panels (a,c,e,g,i),
respectively. In order to gain additional information regarding internal
organs in this frequency range, the 2D cross-section of the acceleration
in the mid-point line of the lungs is shown at 10 Hz, 20 Hz, 28 Hz, 40 Hz,
and 50 Hz in panels (b,d,f,h,j), respectively. The acceleration value onto
the sternum increased for frequencies up to 28 Hz, while decreasing
above this value up to 100 Hz. At 28 Hz, the lungs were under excitation
with the maximum effect on the sternum, which could potentially be
beneficial in draining excess mucus in HFCC therapy as also highlighted
in the literature [20,21].

In order to gain a better understanding of how the waves travel in the
entire thorax, various vertical cross-sections at 20 Hz, 28 Hz, and 40 Hz
frequencies were considered as illustrated in Fig. 5. Cross-sections were
acquired near the source of excitation (panels a,f,k), at the exact mid-
line (panels b,g,1) and near (panels c,h,n) the chest surface in the xz
axes, and at the mid-points of the left lung in the (x,z) plane (panels d,i,
n), and mid-point of the right lung in the (y,z) plane (panels e,j,o) for 20
Hz, 28 Hz, and 40 Hz, respectively. Single pulses at 20 Hz were found to
transit through each lung. However, at 28 Hz, four different crests, two
in each lung, which were created near the oscillatory source, were
observed travelling toward each other and eventually overlap. These
superpositions producing a resultant wave with an amplitude consisting
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Fig. 3. (a) Modelling of the therapy, (b) FRF, and (c) phase pertaining to accelerance for an ideal healthy male thorax model.

of the sum of the individual waves occurred near the front of the chest
surface.

3.2. Time-dependent simulation at resonance frequency

We next quantified the acoustic resonance frequency in time-
dependent simulations by using the Inverse Fourier Transform. They
were determined into the Multiphysics software in 3 different axes (x,y,
z) for the displacement results at different cross-sections by using Eqs (9)
to 11, respectively, where n=(0;1;8). 3D CT-FEM outcomes, showcasing
displacement in the y, x, and z directions and the 2D cross-sections at
mid-line of the lungs both horizontally and vertically in the time domain
are illustrated in Figs. 6 to 8, respectively. These visualizations corre-
spond to different n values.

x(n) = real [xe’j"”/“] 9)
y(n) = real [ye’j””/“] 10)
z(n) = real [ze’f””/ﬂ a1

Results are plotted on the same contour plot in order to facilitate
their understanding. The total displacement depicted in Fig. 9 was
considered to further aid in the understanding of the analysis results. By
utilizing this metric, a clear illustration of the capping points was
obtained.

The observed node in the time domain displacement results were in
the x-direction, showing the simultaneous reverse movement of the right
and left lungs. The sternum and spinal cord aspects moved
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Table 2
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Comparison of the numerical results for chest resonance frequency and FRF obtained in the present study and those reported in published experimental studies in

various subjects (1-13).

No Mass (kg) Height (cm) Chest Size (cm) Gender BMI Res. Freq. (Hz) FRF (m/s> N) Ref.
1 60 172 82 Male 20.28 28.15 For typical, 0.12-0.18, at 28 Hz, 0.13-0.14 [20]
2 53 162 83 Male 20.2 28.35 [20]
3 64 165 96 Male 23.51 24.43 [20]
4 59.5 166 88.5 Male Mean 21.57 26.7 [20]
5 48 170 69-79 Female 16.61 29.05 [20]
6 58 164 75-86 Female 21.56 27.55 [20]
7 51.5 161.2 73.5-83.6 Female Mean 19.85 27.81 [20]
8 67 171 91 Female 229 31.3 For typical, 0.12-0.18, at 28 Hz, 0.12-0.14 [21]
9 105 185 114 Male 30.7 18.5 [21]
10 63 178 97 Male 19.9 33.8 [21]
11 75 183 102 Male 22.4 30 [21]
12 80.4 178 106.1 Male 25.4 25 [21]
13 62.4 166 89.2 Female 22.6 33 [21]
14 71.8 182 101.9 Male 21.7 28 0.138 in this study

i 0.02

Fig. 4. Acceleration response in the y-direction of the human thorax in 3D and 2D (x,y) plane at (a,b) 10 Hz, (c,d) at 20 Hz, (e,f) at 28 Hz, (g,h) at 40 Hz, and (i,j) at

50 Hz, respectively.

independently due to their rigid and heavy physical properties
compared to other internal organs in the human thorax. Furthermore,
the model under the resonance frequency created by shear waves could
be clearly observed in Fig. 7(e) and Fig. 7(k) whereby the left and right
lungs had counterwise movements in addition to having an interwoven
movement.

3.3. Displacement and energy analysis at resonance

Different solutions for total displacement depicted in Figs. 6 to 8,
were further explored in addition to kinetic energy density and elastic
strain energy density, shown in Fig. 9. At 28 Hz, 3D CT-FEM was in
resonance, indicating that the thorax is able to store and easily transfer
the energy and tends to vibrate at a higher amplitude. Variations in
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(e)

Acceleration in
the y-direction

(o)

Fig. 5. Vertical cross-sections of the thorax for the acceleration response in the y-direction near the source of excitation (a,f,k); at mid-line (b,g,1) and near the chest
surface (c,h,m) in the (x,z) plane; at mid-point of the left lung (d,i,n) and at mid-point of the right lung (e,j,0) in the (y,z) plane at 20 Hz, 28 Hz, and 40 Hz,

respectively.

tissue material properties resulted in significant differences in energy
density distribution throughout the human body. This phenomenon was
exemplified by the diverse range of tissues selected, including bone and
lungs. Contour plots, used to represent this distribution with respect to
the maximum and minimum results, allowed for a comprehensive
visualization of the data and provided a detailed examination of the
distribution patterns.

3D solutions of the total displacement, kinetic energy density, and
elastic strain energy density are shown at the mid-line cross sections of
the lungs for both y and z axes at the resonance frequency in Fig. 9(a—c),
(d-f), (g-i), respectively. The average values of total displacement, ki-
netic energy density, and elastic strain energy density were 1 pm, 5.2 pJ/
m>, and 140.7 pJ/m>, respectively at the resonance frequency. For the
total displacement result, the highest displacement occurred in the y-
direction as expected. This is in keeping with the values observed in
Figs. 6 to 8 whereby the compression waves were predominant.
Furthermore, the cross-section images on both vertical and horizontal
aspects provide a good indication of the excitation effect on the lungs.
The manner in which compression waves behaved in the lungs appeared
similar to their behavior in the remainder of the body. However, such
interpretation differed for the lungs when considering their cross-
sectional geometries since the kinetic energy density is also dependent
on the material properties in addition to the velocity of the particles. As
for the elastic strain energy density, depending on the material prop-
erties and displacement formulation, it mostly accumulated in the
osseous region and the trachea when taking the whole body into
consideration.

4. Discussion

Despite the fact that resonance frequency is crucial for providing an
effective and gentle therapy with the assistance of ACDs, there are many
inconsistencies with regard its reported values. For instance, Goodwin
[21] applied a frequency range of 0-100 Hz in 15 male and female
volunteers and found a resonance frequency of 25 Hz and 33 Hz. Ong
and Ghista [20] conducted another study with 23 healthy male and fe-
male volunteers and found a resonance frequency of 26.7 Hz and 27.8

Hz for the chest wall in the frequency range of 18-34 Hz. These two
studies are thus in agreement with each other, as they both found
relatively similar resonance frequencies. However, McKusick [22] in
1958 reported quite different findings, with resonance frequencies in the
range of 125 Hz, 150-175 Hz, and 300-400 Hz for men, women, and
children, respectively. Moreover, there are other studies reporting
resonance frequencies of 6.5 Hz [8] and 6.1 Hz [46]. The advent of
numerical, 3D modelling thus represents a valuable alternative for
investigating resonance frequency and its effects on internal organs in
terms of providing both repeatability and reliability in this field.

In the present study, a highly advanced, validated, easily simulated
and realistic 3D CT-FEM of the human thorax consisting of soft tissues,
rib cage, lungs, trachea and its branches, was tested in both the
frequency-domain and time-domain allowing to reveal the resonance
frequency effect on the human thorax in comprehensive detail. Four
different software were simultaneously used as a complementary
component of the simulation. Despite the intricately complex geometry
of the human thorax, the results were consistent with two different
experimental data reported in the literature for both female and male
samples [20,21]. Moreover, verification was conducted in different
positions: at an accelerance response of 0.138 m/s?N at 28 Hz, the su-
perposition was observed near the front of the chest surface, which is
extremely difficult to ascertain experimentally. Due to the constructive
interference, the effect in the lungs near the sternum contributed greatly
toward determining the chest resonance frequency. The outcomes of our
study identify a state-space model with a confidence interval of 99% and
an accuracy of 82%, which attests to the robustness of the model in
capturing the underlying dynamics of the system. The modal analysis
assessed two apparent resonance frequencies at 28 Hz and 41 Hz. These
findings contribute significantly to our understanding of the system’s
response characteristics, providing valuable insights into its dynamic
behavior. Therefore, the robust dynamics of generated human thorax
model opens avenues for optimizing its performance and addressing
potential challenges in various applications. Developing a poro-
mechanical multiscale model bridges alveolar features to organ-level
function by capturing how structural changes in the tissue influence
mechanics [47]. Therefore, using Biot’s theory for the multiscale model
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o 5 Displacement in the y-direction
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Fig. 6. Human thorax response in 3D (a,d,g,j,m), 2D (x,y) plane (b,e,h,k,n), and 2D (x,z) plane (c,f,i,],0) of the displacement in the y-direction according to n values
0, 2, 4, 6, and 8, respectively at 28 Hz.
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i—ox

Fig. 7. Human thorax response in 3D (a,d,g,j,m), 2D (x,y) plane (b,e,h,k,n), and 2D (x,z) plane (c,f,i,1,0) of the displacement in the x-direction according to n values
0, 2, 4, 6, and 8, respectively at 28 Hz.
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(a)

o 3 Displacement in the z-direction

B

Fig. 8. Human thorax response in 3D (a,d,g,j,m), 2D (x,y) plane (b,e,h,k,n), and 2D (x,z) plane (c,f,i,1,0) of the displacement in the z-direction according to n values
0, 2, 4, 6, and 8, respectively at 28 Hz.
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Fig. 9. Human thorax response in 3D, 2D (x,y) and (x,z) planes for total displacement (a-c), kinetic energy density (d-f), and elastic strain energy density (g-i),

respectively, at the resonance frequency, 28 Hz.

helps obtain numerical results to represent alveolar features at 20 cm
H,0 in this study. This approach enables a comprehensive understand-
ing of the complex mechanics and effects of HFCC on the lungs. As for
higher frequencies, in addition to constructive interference, destructive
interference also occurred to lessen the sum of the individual waves. At
the resonance frequency, we furthermore conducted a time-dependent
analysis of the displacement results given that the attenuation of the
slow compression wave occurs at a much quicker rate than the fast
compression wave [19]. We were able to document the internal organs
by simulation of the propagation of the displacement in different axes
under acoustic excitation. As depicted in Fig. 7(e,k), the left and right
lungs exhibited a counterwise movement in addition to having an
interwoven movement. Simultaneous movement in various directions
can create more air circulation inside the bronchi, bronchioles and air
sacs. This may constitute an additional explanation for the high effec-
tiveness of HFCC therapy observed in the experimental studies, which
were introduced by numerical analysis owing to the generated realistic
3D FEM of the human thorax. Each human organ has its unique material
features whereby the wave travels by attenuation and amplification
from one to the other. Given that the geometry consists of intricate ge-
ometries and complex material properties, in addition to having two
different methods for the simulation of shear waves in biological tissues,
there are many absorptions from one material to another. When the
geometry was taken into consideration, there were still emissive and

12

absorbing effects as a result of rib cage geometry and material proper-
ties, which constitutes a challenging surrounding material. Given the
latter, the model was simulated in the time-domain in addition to the
frequency-domain analysis in order to provide a better understanding of
the resonance frequency effect on the internal organs. The CT-FEM
simulation files in various axes are given as e-videos as a supplement
to this study.

The importance of resonance frequency lies in the absorption or
dissipation of the maximum amount of energy, which in turn could
supply the highest vibration and maximum kinetic and potential energy
with a simple pendulum. The mean values for total displacement, kinetic
energy density and elastic strain energy density in the human thorax
were observed at 1 pm, 5.2 pJ/m°, and 140.7 pJ/m>, respectively at the
resonance frequency. While the material properties of the inner organs
were affected by the frequency, the precise impact on each organ was
nonetheless complex as illustrated herein in the 3D results and simula-
tions. Fig. 3 provides an illustration of the experimental studies’ meth-
odology and measurement method for the 3D FEM, which was validated
by FRF. However, to enhance validation, magnetic resonance elastog-
raphy (MRE), an advanced medical imaging technique integrated with
MRI, can be utilized for the noninvasive estimation of mechanical
properties in both soft tissue and osseous regions in vivo. This is
particularly valuable as MRE enables a thorough examination of wave-
length variations in the soft tissue and osseous regions by analyzing the
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displacement of shear waves [48].

In conclusion, the present study contributes towards revealing the
uncertainties of the operating frequency range of HFCC. This represents
a ground-breaking advance in acoustic ACDs enabling bringing clarity to
FRF. Importantly, the findings herein further contribute to the under-
standing of thoracic behavior during chest physiotherapy at the reso-
nance frequency and demonstrate the value-added practical
contribution of the use of CT-FEM in providing repeatability and reli-
ability in this field. Notwithstanding, the limitation of this new, realistic,
and validated 3D FEM lies in not taking into account bronchial mucus,
its properties, and its transport in the lungs. As a first step in this di-
rection, the future study will focus on the transport of mucus in bron-
chioles subject to deformation as identified by the present model.
Therefore, the optimal working conditions of ACDs could be reflected on
the rheological properties of bronchial mucus.
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