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Abstract

The"Breathing Lung-on-a-Chip,"a novel microfluidic device featuring a stretchable membrane, replicates the natural expan-
sion and contraction of the human lung. It provides a more realistic in-vitro platform to study respiratory diseases, particle
deposition, and drug delivery mechanisms. This device enables investigations into the effects of inhaled nanoparticles (NPs)
on lung tissue and supports the development of advanced inhalation therapies. Uniform and optimal concentration delivery of
NPs to cultured cells within the chip is critical, particularly as membrane stretching significantly influences particle dynam-
ics. To address this, we developed a 3D numerical model that accurately simulates NP behavior under dynamic conditions,
overcoming experimental limitations. The model, validated against experimental data, explores the effects of flow dynam-
ics, particle size, membrane porosity, and stretching frequency/intensity on NP deposition in the air channel and transfer
through the porous membrane into the medium channel. The results indicate that increased membrane stretch enhances the
sedimentation rate of NPs in the air channel, thereby promoting their transfer to the medium channel, particularly in mem-
branes with initially low porosity. Additionally, excessive stretching frequencies or intensities can introduce reverse flow
and stagnation, leading to a longer residence time for NPs and altering their sedimentation patterns. These insights advance
our understanding of NP transport in dynamic lung environments, paving the way for more effective applications of lung-
on-a-chip technology in toxicological assessments and respiratory therapy innovations.
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Introduction

Continuous exposure to environmental pollutants through
breathing is a known risk factor for severe pulmonary dis-
eases and long-term health complications [1, 2]. Concur-
rently, the respiratory transportation of particles represents
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a promising method for developing non-invasive inhalation
therapies, facilitating efficient drug delivery. The importance
of these areas in biomedical research has led to an increasing
focus on the behavior of particles within the human pulmo-
nary system, particularly within toxicology and pharmaceu-
tical studies [3—5]. Despite the progress, challenges remain
in accurately delivering particles in in-vivo models, and the
limitations of conventional in-vitro models to mimic realistic
physiochemical conditions hinder further advancements in
this research domain [6—8]. The development of lung-on-a-
chip technology in 2010 offered a novel approach to address
these challenges, realistically replicating the air-blood bar-
rier of the lungs within a microchannel and allowing for
direct exposure of cells to particle flows [9—11]. This system
uses vacuum channels on both sides of the central cell chan-
nel, enabling the cyclic stretching of the membrane to mimic
various breathing scenarios, as depicted in Fig. 1.

Today, this streamlined chip-based in-vitro approach has
gained significant attention to explore new therapeutic and
pathological processes [12—15]. To obtain accurate results
with the lung-on-a-chip, it is crucial to regulate the delivery
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Fig. 1 A schematic symmetrical
lung-on-a-chip model contain-
ing a central air-medium dual
channel separated by a porous
membrane. Pulsatile pressure

is applied to the lateral vacuum
channels to provide the mem-
brane’s breathing pattern and
cyclical stretch
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of studied particles to target cells at a consistently effective
concentration [16, 17], as variability in their deposition frac-
tion can result in differing toxic impacts on lung cells [18].
However, it should be considered that the diverse physical
properties of particles, which lead to varied dynamic behav-
iors under different fluid flows and mechanical stimuli [6,
7], make precise and controlled delivery essential for each
specific category of particles. In this regard, experimentally
examining the dynamics of small particles inside the lung-
on-a-chip presents several significant challenges, including
the difficulty of monitoring and tracing particles through
microchannels using transient microscopy, the tedious and
repetitive process of controlling the delivery of various parti-
cles through microtubing and the high costs associated with
the utilization of expensive particles.

Recently, numerical techniques have become a vital com-
plement to experimental analyses in lung-on-a-chip devices,
addressing their complex characteristics [19]. Moghadas
et al. explored how airflow velocity affects NPs’ distribution
in a 3D microchannel, finding that increasing fluid velocity
from 0.1 mm/s to 0.612 mm/s aids in directing small, diffu-
sion-dominant particles (diameter < 700 nm) toward the cell
culture area [17]. Arefi et al. examined the roles of Brownian
and gravity forces on NP sedimentation rates inside a 3D air
channel showing that Brownian force crucially influences
the deposition of NPs smaller than 500 nm [20]. Sheidaei
et al.’s study in a 2D lung-on-a-chip model assessed NP
dynamics across the air and medium channels separated by
a porous membrane [21]. Their findings revealed that NPs
larger than 500 nm distribute more uniformly at an airflow
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velocity of 1 mm/s in the air channel’s cell region than
smaller particles. Additionally, smaller NPs (< 300 nm) tend
to scatter throughout the media channel’s height, whereas
larger particles are drawn closer to the cultured endothelial
cells at the channel’s top wall.

Although these studies have explored the impact of key
parameters on NP dynamics, they have focused on simplified
reduced-order models of lung-on-a-chip, considering only its
air channel or 2D model. However, the recognition that cells
respond to mechanical stimuli in their environment, influ-
encing critical biological processes such as tumorigenesis,
phagocytosis, morphogenesis, and tissue repair [22—26], has
underscored the importance of the lung-on-a-chip’s stretch-
ing feature. Therefore, a research gap remains in the com-
prehensive evaluation of NP dynamics using a realistic 3D
model of the stretching lung-on-a-chip, which is essential
for advancing pathological and therapeutic investigations of
inhaled NPs on lung cells in a more physiologically relevant
context. Applying vacuum pressure to stretch the membrane
induces deflection of the air and medium channels’ side walls,
potentially altering fluid hydrodynamics. Thus, alongside the
particles’ physical properties and fluid inflow velocity, the
cyclic stretching of the membrane emerges as a crucial fac-
tor potentially influencing fluid dynamics and, consequently,
injected particles’ behavior within the lung-on-a-chip. Prior
numerical studies [27, 28] have explored the impact of vac-
uum pressure and chip dimensions on membrane stretching.
For instance, Huang and Nguyen’s 2D numerical analysis
indicated that increasing membrane thickness and the dis-
tance between the vacuum and air-medium channels reduces
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membrane stretching [27]. While the detailed effects of mem-
brane stretch on fluid-particle dynamics within the lung-on-
a-chip device have still remained largely unexplored, studies
have shown that the lung breathing pattern, characterized by
stretch frequency and intensity, plays a crucial role as a key
determinant in the transport and deposition of aerosols within
the human respiratory tract [29].

To address the knowledge gaps, our study sets out to cre-
ate a comprehensive 3D computational model of a real lung-
on-a-chip that integrates solid deformation, fluid flow, and
particle tracing physics.

This model allows to meticulously examine how porous
membrane stretching influences fluid velocity and, con-
sequently, the dynamics of the injected NPs inside the
microchannels.

The obtained findings on deposit and transfer rates of
particles with varying diameters under different physiologi-
cal cyclic breathing conditions are expected to effectively
contribute in the precise adjustment of particle dosages
and chemical formulations, thereby enhancing the delivery
of optimal particle concentrations to target cells. This, in
return, will ultimately improve toxico-pharmacokinetic out-
comes derived from the lung-on-chip technology.

This paper is structured as follows: The Problem defini-
tion section outlines the problem, offering a clear definition
to guide the reader. The Numerical modeling section delves
into the numerical modeling aspects, including governing
equations, boundary conditions, initial values, and details
of the meshing procedure. The Model verification section
validates the numerical results by comparing them with pre-
viously published data and an experimental study, ensuring
the model’s reliability. In the Results and discussions sec-
tion, the results are thoroughly analyzed. Lastly, the Conclu-
sion section summarizes the conclusions and provides an
overview of the findings, highlighting the significance of
the research and potential future directions.

Problem definition

This study’s principal aim is to utilize a numerical model
for an in-depth analysis of NP dynamics within the dual
gas-liquid channel of a lung-on-a-chip, influenced by cyclic
stretching that simulates breathing patterns. It investigates
how particle size, flow rate, membrane porosity, and stretch-
ing frequency and intensity affect NP distribution within
the lung-on-chip microenvironment. A time-dependent 3D
finite element model is crafted using the “Fluid—Structure
Interaction” and “Particle Tracing for Fluid Flow” inter-
faces in COMSOL Multiphysics software, inspired by the
design introduced by Huh et al. [30], albeit with a modifica-
tion to the membrane pores’ shape from circular to regular
octagonal. This adjustment aims to address computational

convergence issues while maintaining result accuracy, lev-
eraging the geometric benefits of octagons to approximate
circles.

Focusing on fluid-driven particle dynamics, this research
deliberately excludes cellular interactions, concentrat-
ing instead on a bare lung-on-chip model to simplify the
fluid—solid interaction problem. It assumes only the impact
of structural displacement on fluid domain deformation,
omitting the fluid’s reciprocal influence on the solid struc-
ture due to low fluid velocity and pressure gradient. The
methodology unfolds in three stages: analyzing structural
deformation due to vacuum stretching, examining fluid
behavior within the deformed microchannel geometry, and
investigating NP dynamics under stimulated fluid flows in
these channels.

Considering the literature that particles smaller than
1 um can reach the lung alveolus [31], this study models
NPs ranging from 10 to 900 nm. To mimic actual respira-
tory rhythms, the membrane is subjected to vacuum-induced
sinusoidal stretches at excitation frequencies of 0.25 Hz and
1 Hz, with strain levels of 10%, 15%, and 20% [32]. Key
simulation inputs are summarized in Table 1, setting the
stage for a comprehensive exploration of NP behavior in a
dynamically stretching lung-on-a-chip environment.

Numerical modeling

This section explores the governing equations, forces on
NPs, and the initial and boundary conditions shaping our
computational study. The domain under consideration

Table 1 Important input values that were used in the simulations of
the present study

Parameters Values
Height of the channels [27, 33] 100 [pm]
Length of the channels [20] 2 [mm]
Width of the channels [27] 400 [pm]
Thickness of the membrane [27] 10 [um]

1180 [kg/m?]
1000 [kg/m?]
0.718 [mPa.s]
1.123 [kg/m?]
0.019 [mPa.s]
0.72 [uL/min], 24 [uL/min]

Density of particles [20]

Density of media [34]

Viscosity of media [34]

Density of air [35]

Viscosity of air [35]

Medium flow rate at the inlet [21]
Air flow rate at the inlet [21] 0.72 [uL/min], 24 [uL/min]
Young’s modulus of solid [36] 1.22 [MPa]

Poisson’s ration [27] 0.49

Density of solid [36] 996 [kg/m?]

Membrane strain[32] 10%, 15%, 20%

Frequency of vacuum pressure[32] 0.25 [Hz], 1 [Hz]
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contains two distinct fluids, air, and medium, both governed
by the same set of equations. A unified general equation is
presented to streamline the discussion, although it is cru-
cial to factor in the unique physical properties of each fluid
within these equations. The differentiation in fluid properties
is essential for accurate simulation results. Towards the end
of this section, the meshing procedure, an integral part of
setting up the computational model, is also briefly outlined.
This step ensures that the computational grid is adequately
fine-tuned to capture the complex dynamics of fluid flow
and NP movement within the lung-on-a-chip environment.

Governing equations

Considering elastic and compressible structural behavior,
membrane stretch and the consequent deformation of the
microchannels are solved by Newton’s second law of motion
[37]:

2u
A
P = V.(FS) 1))
Here, p, is the solid mass density, u, is the displacement,
and F =1 + Vu, is the deformation gradient in which I is
the identity matrix. S is the Second Piola—Kirchhoff stress
tensor, which calculates forces in the deformed solid domain
concerning its reference configuration:

VsEs T Es

S= E'l+ ——E
(+w)(-2v) (1+w) @

in which E = (F'F —1I) /2 is Green-Lagrange strain tensor.
E, and v, are material Young’s modulus and Poisson’s ratio,
respectively.

Accordingly, the interaction between the fluids and the
deforming solid structure is modeled using the Arbitrary
Lagrangian—Eulerian (ALE) method, where a modified form
of the Navier—Stokes equation describes the fluid motion as
follows [38]:

Vov:O (3)
dv
p<5+vcon>=V-0' 4)

where v and p are fluid velocity and mass density, respec-
tively. Similar to the medium flow, the airflow is character-
ized as an incompressible and continuous fluid [21]. v, is the
relative convective velocity between the fluid velocity and
the velocity of mesh-node (v, = v — v,). o denotes Cauchy
stress tensor, which for an incompressible and Newtonian
fluid is equal to:

o =—pl+u(Vv+ W) (5)
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where p is the fluid pressure field, and p is the fluid dynamic
viscosity. The ALE technique manages the dynamics of the
deforming domain by enabling mesh motion. Grid deforma-
tion and velocity of the node at each station are predicted
by a mesh-update procedure based on the movement of the
boundaries and mesh smoothing. In this study, the “Yeoh”
method is chosen for mesh smoothing because it can handle
large deformations by effectively preventing mesh entangle-
ment and inversion [39]. For a comprehensive understanding
of the ALE technique and mesh-update procedure, one can
refer to references [37, 38]. The solid and fluid domains are
coupled through the following conditions established at the
fluid—structure interaction interface:

V=1, (6)

Cen=0c,+n (7

o, is the solid Cauchy stress tensor which is derived from
the deformation gradient:

1 T
o,= —FSF 8
IF] ®)
The motion of particles within the fluid channels of the
chip are modeled using the Lagrangian approach as follows,

which enables the discrete tracking of the particles’ trajec-
tories [17, 20, 21]:

dv

p
mPTtp=37r;4(v—vp)dp+Fb+mp<l——>g )
Pp

where m, dp, and p, are respectively the particle mass,
diameter, and density. v, indicates the particle velocity in
air and media channels. The right-hand side of Eq. 9 is the
summation of the drag force, the Brownian force, and the
particle’s buoyant weight. The Brownian force (F) in Eq. 9
is determined as [40]:

Fy = ¢+/6akyuTd, /At (10)

where T, represents the fluid temperature, which is consid-
ered to be at a constant level of 37°C, and At is the time
step. The vector ¢, whose components are randomly selected
with a Gaussian distribution, demonstrates the direction of
Brownian force.

Boundary conditions, initial values, and meshing
procedure

To optimize computational resources without compromising
the accuracy of our simulations, we analyze a symmetri-
cal lung-on-a-chip model (see Fig. 1). Dynamic stretching
of the porous membrane is achieved by applying pulsatile
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vacuum pressure to the vacuum channel walls. All external
surfaces of the chip are fixed except those perpendicular
to fluid flow. These are designated as"Roller"boundaries to
restrict displacement in the normal direction. We apply fully
developed flow rates and zero-pressure boundaries at the
entrances and exits of both air and medium channels. Initial
fluid velocity and solid displacement values are set to zero.
A"No-slip"condition is enforced at all solid—fluid interfaces
within the channels. NPs, numbered at 2000, are intro-
duced at the air channel’s entrance. Their airflow velocity is
matched, and their initial positions are randomly assigned at
the inlet boundary. The air channel substrate acts as a sticky
boundary, capturing airborne NPs to evaluate their deposi-
tion efficiency. The remaining side walls of the fluid chan-
nels implement a"Bounce"boundary condition. The shared
surface between the air and medium channels is considered
permeable, allowing for a"Pass through"boundary condition
that permits NPs to move freely into the lower channel.

In our meshing strategy, we employ an array of regular
octagonal hollows in the membrane instead of actual circular
shapes. This decision addressed convergence issues associ-
ated with mesh quality in our numerical simulations. Mesh
quality is critical for accurately capturing the modeling
geometry, particularly for structures with curved boundaries.
To nearly represent the arc of each circular surface of the
pore, a minimum of 40 elements is required. This require-
ment introduces a significant degree of freedom due to the
large number of pores along the membrane. Conversely,
reducing the number of mesh elements leads to a suboptimal
representation of the circular domain, adversely affecting the
accuracy of the fluid results and, consequently, the behavior
of NPs around the pores on the air channel substrate. In
scenarios with a coarse mesh, it was observed that particles
disappear from the computational domain due to a lack of
fluidic data in unmapped regions of the pores. In contrast, a
regular octagonal surface can be effectively modeled with a
minimum of eight triangular elements. Thus, regular octago-
nal pores, which have an area comparable to circular pores,
significantly expedite the simulation convergence. The com-
putational domain of the lung-on-a-chip is discretized into
1.2 x 10° elements.

Model verification

In this section, the accuracy of the current numerical model
is evaluated through a comparative approach, using both
literature data and experimental results for reference. Ini-
tially, a 3D limiting-case verification is conducted by setting
membrane porosity to zero, aiming to observe the dynamics
of NPs within a microchannel. NPs, with diameters rang-
ing from 10 to 900 nm, are propelled by airflow through
the channel with dimensions of 400 um X 70 pm X 2000
pm. This model calculates the deposition rate of particles

on the channel substrate, defined as the ratio of settled to
released particles, and compares these calculations with the
3D numerical findings of Arefi et al. [20]. This comparison
considers all relevant physical and parametric values and
assumptions about boundary conditions, as detailed in Ref.
[20]. The results, illustrated in Fig. 2, show that the deposi-
tion rate of NPs significantly depends on their diameter at a
consistent inlet air velocity of 0.337 mm/s, aligning closely
with the observations made by Arefi et al. [20] (R? = 1).

To further validate the accuracy of the current numerical
model, an experimental study was conducted focusing on
particle deposition. Particles measuring 1 ym and 10 ym in
diameter were tested in a microchannel under the water flow
rates of 9 uL/min and 27 pL/min, respectively. The particles
had 2200 kg/m”3 densities for the smaller ones and 1470
kg/m”3 for the larger ones. The experimental setup for the
particle injection is explained in Section 1 of the Supple-
mentary Information.

Post-injection, images of the deposited particles on the
substrate were captured (as seen in Fig. 3¢ and d). The 3D
numerical model was carefully aligned with the experimen-
tal geometry to ensure the consistency of numerical and
experimental results. Figure 3a and c highlight the success-
ful uniform distribution of 1 um particles at a 9 uL./min flow
rate. Conversely, the 27 pL/min flow rate was less effective
in moving the larger 10 pm particles throughout the micro-
channel, as shown in Fig. 3b and d. Notably, this validation
primarily aimed to examine the settlement trajectory patterns
of particles on the channel substrate, while fluid—structure
interactions were neglected, as they predominantly influence
the particle deposition rate, which remains challenging to
measure accurately through experimental techniques.

® Present study

Numerical study [20]

0.8 1

0.6 A

Deposition rate

0.4 1

0.2 1

0 100 200 300 400 500 600 700 800 900
Particle diameter (nm)

Fig.2 Contrasting the outcomes of the current study with the numeri-
cal analysis presented in Ref. [20] regarding the deposition rate of air-
borne NPs with different diameters in a microchannel while consider-
ing an inlet airflow velocity of 0.337 mm/s at the entrance
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Fig.3 Numerical simulation
of particles’ distribution with a

diameter of a 1 pm and b 10 pm
on the substrate of a microchan-

nel, respectively, under the
water flow of 9 uL/min and 27
uL/min. The corresponding
experimental verification of the
numerical results for the parti-
clesof ¢ 1 pmandd 10 pm

The lung-on-a-chip device is typically made from Polydi-
methylsiloxane (PDMS) due to its flexibility and robustness
during cyclic stretching. However, it is crucial to note that
PDMS’s elastic properties can vary based on fabrication and
coating materials [41]. Achieving an accurate and realistic
measure of the device’s elasticity is vital for the precision
of subsequent numerical simulations. This necessitates a
comparative analysis of membrane mechanical strain against
vacuum pressure, comparing experimental data from a lung-
on-a-chip device with a corresponding numerical model.
To ensure accuracy, the geometry of the primary numerical
model was adjusted to align with the device as outlined in
Ref. [42], assuming a uniform elastic modulus across the
microchip components.

Membrane strain measurements were taken under varying
vacuum pressures, and these measurements were compared
to the numerical model’s predictions. Young’s modulus for
the microchip was estimated through iterative adjustments

2000 um

and employing the least mean squares method. As shown in
Fig. 4, a high degree of agreement was found, with Young’s
modulus determined to be 1.31 MPa (R? = 0.99). This value
aligns closely with the previously reported elasticity of
PDMS, 1.22 MPa [36], underscoring the model’s accuracy
in reflecting the material’s properties.

Results and discussions

This section presents the numerical results from a 3D multi-
physics simulation, evaluating the effects of key parame-
ters—fluid flow rate, membrane porosity, and the intensity
and frequency of membrane stretching—on the dynamics
of NPs across different size ranges in a lung-on-a-chip. To
better demonstrate the importance of such a comprehen-
sive 3D model of a stretching lung-on-a-chip in accurately
evaluating particle dynamics, the results are sequentially

Fig.4 Comparison of the 30
present numerical results with

an experimental analysis for the

strain of the porous membrane

under different vacuum pres- 25 4
sures

20

15

Membrane strain %

©  Experimental study

—g— Numerical study
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presented, covering: dynamics of nanoparticles in a fixed
stretched lung-on-a-chip; fluid dynamics inside a sinusoidal
stretched lung-on-a-chip; and Dynamics of nanoparticles in
a sinusoidal stretched lung-on-a-chip. To highlight the need
for such a 3D modeling, a comparative study was conducted
at the outset between the current 3D simulation with an ear-
lier 2D model [21] to assess the strengths and limitations of
the 2D approach. The results are presented in Supplementary
Section 2.

Dynamics of nanoparticles in a fixed stretched
lung-on-a-chip

Before examining the dynamic effects of stretching, it is
insightful to first assess the impact of stretching intensity
on NP deposition and transfer rates under stationary con-
ditions. To this end, two distinct membrane porosities of
3.6% and 30.5% are analyzed [11, 21]. These porosity values
were selected based on prior experimental studies and rep-
resent two physiologically relevant regimes: a low-porosity
membrane (3.6%) mimicking tighter epithelial barriers, and
a high-porosity membrane (30.5%) designed for enhanced
exchange between air and media channels. We also evaluate
two different inflow rates: 0.72 pL/min and 2.4 pL/min. The
influence of stretching intensity is illustrated with results
for three scenarios, as shown in Fig. 5: No Stretching, 10%
Membrane Strain, and 20% Membrane Strain. Stretching the
membrane not only expands the cross-sectional area of the
microchannel but also alters the porosity ratio of the mem-
brane, as detailed in Table 2. The results clearly show that
stretching the membrane increases its porosity, with particu-
larly significant changes at lower porosity levels.

When considering consistent inflow rates, the expansion
of the microchannel inlet cross-section leads to reduced
inflow velocities, which in turn increases the sedimentation
rate. It is important to note that the sedimentation rate is
directly proportional to the level of stretching but remains
independent of the membrane porosity. This relationship is
clearly demonstrated by identical outcomes in the summa-
tion of transfer and deposition rates for different porosities,
as shown in Fig. 5.

The increased sedimentation rate, coupled with a higher
porosity level caused by stretching, subsequently enhances
the transfer rate, as depicted in Fig. 5b and d. The authors
have observed that the transfer rate under stretching (7,) can
be approximated by:

T, ~T,RR, an

where T, is unstretched transfer rate. R, signifies the
ratio of sedimentation rates between the stretched and
unstretched scenarios, obtained straightforwardly by sum-
ming the transfer and deposition rates. R, shows the porosity

ratio, calculated by dividing the stretched porosity by the
unstretched porosity from Table 2. The validity of Eq. 11
can be exemplified, for instance with 500 nm particles
at the inflow rate of 0.72 pL/min under 10% strain of the
high-porosity membrane, where 7, = 0.2095, T,, = 0.18,
R, = 1.09, R, = 1.09. In addition, the deposition rate also
demonstrates an increase with the stretching of the mem-
brane, as depicted in Fig. 5a and c. However, it’s noteworthy
that for NPs with a high sedimentation rate, stretching the
membrane primarily results in an augmented transfer rate
with a minimal impact on the sedimentation rate that eventu-
ally leads to consistent or decreased deposition rates.

Fluid dynamics inside a sinusoidal stretched
lung-on-a-chip

Before delving into the behavior of NPs, it is crucial to first
understand the fluid dynamics within the microdevice under
variable stretching conditions due to their strong influence
on particles’ movement. In addition to the flow rate and
average fluid velocity presented herein, the average pressure
gradient of the fluid throughout a stretching cycle period is
evaluated and detailed in Supplementary Section 3.

For our experiments, the membrane undergoes vacuum-
induced sinusoidal stretches at frequencies of 0.25 Hz and
1 Hz, with strain levels of 10%, 15%, and 20% to mimic
different breathing patterns. In this section, we focus our
analysis on the membrane with a high porosity of 30.5% to
clarify the principal observations related to airflow dynam-
ics. Figure 6 shows the normalized flow rate along the chan-
nel at various normalized times. Here, flow rate and distance
are normalized with respect to the inflow rate and channel
length, respectively, while time is normalized concerning
the stretching cycle period. The data represents a stretching
cycle at an excitation frequency of 1 Hz.

Two distinct inflow rates are considered, and the vac-
uum level is adjusted to achieve a 10% strain at maximum
membrane extension. According to the continuity equation,
the flow rate difference between the inlet and outlet of the
microchannel is inversely related to the time derivative of
the control volume’s size. Notably, at f = 0 and 7 = 0.5, when
the time derivative of the air channel volume is zero, the
flow rate remains consistent along the channel length, as
illustrated in Fig. 6.

However, during times of membrane expansion and com-
pression at f = 0.25 and 7 = 0.75 —when the time derivative
reaches its peak magnitude—the outlet flow rate becomes
respectively lower and higher than the inlet. A particularly
interesting phenomenon observed in Fig. 6, especially at
lower inflow rates, relates to the continuity equation: when
the time derivative of the volume exceeds the inflow rate, the
excess must be accommodated through the outlet, resulting
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Table 2 Effect of stretching on membrane size, porosity area, and porosity ratio

No Stretch 10% Strain 20% Strain
Low porosity (3.6%) High porosity Low porosity (3.6%) High porosity ~ Low porosity (3.6%) High porosity
(30.5%) (30.5%) (30.5%)
Membrane size  8.0e5 pm? 8.0e5 pm? 8.8e5 pm? 8.8e5 pm? 9.6e5 pm? 9.6e5 pm?
Porous area 0.29¢5 pm? 2.44e5 pm? 0.38¢5 pm? 2.93e5 pm? 0.47e5 pm? 3.42¢5 pm?
Porosity 3.6% 30.5% 4.3% 33.3% 4.9% 35.6%

in a reversed flow and temporary local stagnations within
the control volume.

@ Springer

Fig. 7 presents the normalized average fluid veloc-
ity along the channel at different times, where the fluid
velocity is normalized concerning the mean velocity at the
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unstretched microchip inlet. The most noticeable observation
in Fig. 7 is the impact of the air channel’s cross-sectional
changes. Despite the flow rate’s consistent nature along the
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velocity and distance are respectively normalized with respect to the
mean inlet velocity and channel length, while time is normalized with
respect to the stretching cycle period

channel length, as illustrated in Fig. 6, the expansion of the
control volume at = 0.5 results in a drop in average flow
velocity, where the normalized average velocity magnitude
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is slightly below 1. This effect of the cross-sectional increase
also becomes apparent at f = 0.25 and 7 = 0.75, as depicted
in Fig. 7.

Fig. 8 examines the impact of excitation frequency as well
as stretching intensity on the normalized flow rate along the
channel length at 7 = 0.25 and, when the time derivative of
the control volume size reaches its peak magnitude. The
findings suggest that augmenting the stretching intensity
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Fig.8 Normalized flow rate along the air channel under differ-
ent membrane stretching intensities at two different times when a)
stretching frequency is 1 Hz and inflow rate is 0.72 pL/min b) stretch-
ing frequency is 1 Hz and inflow rate is 2.4 pL/min, ¢) stretching
frequency is 0.25 Hz and inflow rate is, and d) stretching frequency
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and frequency leads to a noticeable increase in the disparity
between the flow rates at the inlet and outlet of the air chan-
nel. In addition, it can be concluded from Fig. 8a that the
stagnation region moves closer towards the channel’s inlet
by increasing stretching intensity at a given time.

As shown in Fig. 8a, higher stretching intensity results in
an increase in the likelihood of observing reversed flow and
local stagnations within the control volume. This effect is
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is 0.25 Hz and inflow rate is 2.4 pL/min. Flow rate and distance are
normalized with respect to the inflow rate and channel length, respec-
tively, while time is normalized concerning the stretching cycle
period
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visually highlighted in Fig. 9, where a sequence of snapshots
depicts the flow regime during a cycle period with 15% strain
intensity and 0.72 pL/min inflow rate. The streamlines in the
snapshots portray the direction and magnitude of the flow
velocity. In this context, snapshots captured before r = 0.5s
depict the stretching phase of the membrane, while those
taken after = 0.5s correspond to the contraction phase,
bringing the membrane back to its normal position. t = 0.5s
represents a moment of steadiness when maximum tension
is applied to the membrane during the cycle. Throughout
the stretching phase, when the time derivative of the volume
surpasses the inflow rate, localized flow stagnation regions
emerge within the microchannel, the location of which
is indicated by the red markers in snapshots captured at
t =0.25,0.3 s, and 0.4 s. The position of the local stagnation
region relies solely on the volume change rate. This observa-
tion suggests that by maintaining a constant volume change
rate, the stagnation region remains consistent throughout the
stretching phase. This presents an opportunity for precise
control over the location of this local stagnation, offering

potential utility in delivering aerosol particles to a specific,
predetermined region within the microchip.

Dynamics of nanoparticles in a sinusoidal stretched
lung-on-a-chip

This section examines the NPs’ dynamics within the lung-on-a-
chip under dynamic stretching of the porous membrane with a
high porosity of 30.5%. Accordingly, a sinusoidal pressure pat-
tern is applied to the lateral vacuum channels of the microchip
in order to simulate the function of a breathing lung. As dem-
onstrated in the Fluid dynamics inside a sinusoidal stretched
lung-on-a-chip section, the overall sedimentation rate rises with
the constant membrane stretching, correlating with an increase
in the cross-sectional area of the air channel. However, the sedi-
mentation rate changes compared to the state without stretching
are small and less than a few percent. On the other hand, the
periodic stretching of the membrane with an intensity equiva-
lent to the constant stretching can lead to significant changes
in the total sedimentation rate. As discussed in the Dynamics

Fig.9 Fluid flow streamlines inside the air channel of the lung-on-a-chip under membrane 15% strain with the frequency of 1 Hz and inflow rate

of 0.72 pL/min. Red marks indicate localized flow stagnation regions
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of nanoparticles in a sinusoidal stretched lung-on-a-chip sec-
tion, the elevation of excitation frequency, particularly during
specific time intervals with a higher control volume change
rate than the input flow rate, induces a reversal in flow direc-
tion at the channel outlet and creates localized fluid stagnation
within the channel. Here, the impact of the reverse flow and
localized fluid stagnation on NPs dynamics and their overall
sedimentation is investigated. Figure 10 presents a comparison
of the total sedimentation rate of the NPs with different sizes
under varying intensities of periodic stretching. For this, an
inlet air channel flow rate of is assumed. To introduce periodic
stretching, sinusoidal suction pressure with a frequency of 1 Hz
is applied to the side walls of the vacuum channels, and three
different conditions (i.e., no stretching, 10% strain, and 20%
strain) are considered for the intensity of periodic stretching.
As mentioned earlier, the membrane permeability does not
significantly affect the NPs'sedimentation rate, and their size
is disregarded in this section.

Fig. TEN depicts that the application of periodic stretch-
ing leads to an increase in the sedimentation amount, and this

increment is further accentuated with an increase in stretch-
ing intensity. However, the rate of change is not uniform for
NPs with different sizes. The results reveal that NPs with
average sizes (e.g., 300 nm and 500 nm) are more susceptible
to periodic stretching and induced changes in the flow regime.
In line with the results presented in the Dynamics of nanopar-
ticles in a fixed stretched lung-on-a-chip section and Eqgs. 9
and 10, the primary factor influencing the dynamic behavior
of NPs with average sizes is the drag force, justifying their
higher dependence on the flow regime. This is in contrast
to smaller and larger NPs, which exhibit different dynamic
behaviors, indicating the dominant effects of Brownian and
gravitational forces on these NPs, respectively. Moreover,
by comparing the results related to the statistical quantities
of different particle deposition in Fig. 7, it can be inferred
that NPs with average sizes have a more uniform distribution
compared to smaller and larger NPs. Hence, it can be con-
cluded that, unlike smaller and larger NPs, which exhibit a
greater tendency to sediment near the channel inlet, NPs with
average sizes are ordinarily exposed to fluid flow for a longer
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different diameters in the air
channel with no stretch and 0.9 1
under sinusoidal stretch of the
30.5% porous membrane with a
frequency of 1 Hz and strains of 08 1
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duration. To elucidate the impact of periodic stretching and
localized fluid stagnation on NPs sedimentation rate, the tra-
jectory of an NP with a diameter of 500 nm with uniform
initial conditions in two cases: without stretching and with
sinusoidal stretching of intensity 20% and frequency 1 Hz is
compared in Fig. 11a. In the absence of stretching, the NP
follows a relatively smooth path before exiting through the
air channel outlet. In contrast, under periodic stretching, the
NP’s trajectory exhibits significant oscillations, indicating
the influence of changes in flow regimes and localized fluid
stagnation on its dynamic motion. Therefore, Fig. 11a serves
as an illustration of the effect of periodic stretching on the
dynamics of NPs and, consequently, the increased sedimenta-
tion rate in NPs with average sizes.

Figure 11b illustrates the longitudinal motion of the NP,
providing a direct representation of the impact of sinusoidal
stretching on its displacement along the length of the micro-
channel over a period of 10 s. The results clearly depict the
oscillatory motion of the NP under periodic stretching. An
important observation is that the time taken for the NP to
reach the outlet of the channel without stretching is less than
the time required for the same NP to deposit under oscilla-
tory stretching. This result is noteworthy, as it indicates that,
despite a uniform flow rate through the microchannel, peri-
odic stretching leads to a longer residence time for NPs in the
air channel. Finally, images depicting the motion of the NP
with a diameter of 500 nm under periodic membrane stretch-
ing are presented alongside flow lines in Fig. S6. The NP’s
motion is scrutinized during time intervals between 3.7 and
4.8 s along the spatial domain from the channel inlet, equiva-
lent to the region highlighted in blue in Fig. 11a. The color
scheme employed in these images indicates the size and direc-
tion of fluid flow. Examining the flow intensity and the flow
line directions reveals the occurrence of reverse flow in this
section of the air channel and the manifestation of local flow
stagnation in the images corresponding to moments 4.2 s, 4.3
s, and 4.4 s. Tracking the NP’s trajectory, it becomes apparent
that, simultaneously with the formation of relative stability in
fluid flow near the NP, within a relatively short time interval
(approximately 0.2 s), the NP undergoes a significant reduc-
tion in height. This observation highlights the direct impact of
periodic stretching on the sedimentation rate of NPs.

Conclusion

This study investigated the dynamics of solid NPs within a
dual-channel air-medium lung-on-a-chip microdevice, focus-
ing on key influencing factors, including inflow rate, particle
size, membrane porosity, and stretching patterns. Accord-
ingly, a comprehensive 3D multi-physics finite element

model was developed, integrating solid mechanics, fluid
dynamics, and particle tracing to accurately simulate the
system's behavior.

The advanced 3D model revealed that a higher stretch of
the membrane not only increased the overall NP sedimenta-
tion rate but also enhanced membrane porosity, particularly
in membranes with initially low porosity. This increased
porosity improved NP transfer to the medium channel and
influenced deposition patterns in the air channel. Addition-
ally, the effects of sinusoidal membrane stretching on fluid
dynamics and NP behavior indicated that exceeding certain
stretching frequencies or intensities induced localized flow
reversal and temporary stagnation, which can prolong the
residence time of NPs inside the air channel and influence
their sedimentation pattern. By maintaining a constant vol-
ume change rate, the stagnation region remains consistent
throughout the stretching phase, providing an opportunity
for precise control over its location. This could be leveraged
to facilitate the targeted delivery of aerosol particles to spe-
cific, predetermined regions within the microchip.

These findings, which underscore the critical role of
membrane dynamics and stimulated fluid flow regimes in
controlling NPs’ distribution within lung-on-a-chip systems,
can effectively contribute to the precise adjustment of par-
ticle dosages and chemical formulations to enhance optimal
delivery to target cells. This will ultimately improve toxico-
pharmacokinetic outcomes derived from the lung-on-chip
technology, enabling reliable research in respiratory health
and toxicology.
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