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ABSTRACT

Understanding the dynamics of airflow in alveoli and its effect on the behavior of particle transport and deposition is important for
understanding lung functions and the cause of many lung diseases. The studies on these areas have drawn substantial attention over the last
few decades. This Review discusses the recent progress in the investigation of behavior of airflow in alveoli. The information obtained from
studies on the structure of the lung airway tree and alveolar topology is provided first. The current research progress on the modeling of
alveoli is then reviewed. The alveolar cell parameters at different generation of branches, issues to model real alveolar flow, and the current
numerical and experimental approaches are discussed. The findings on flow behavior, in particular, flow patterns and the mechanism of
chaotic flow generation in the alveoli are reviewed next. The different flow patterns under different geometrical and flow conditions are
discussed. Finally, developments on microfluidic devices such as lung-on-a-chip devices are reviewed. The issues of current devices are
discussed.
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I. INTRODUCTION

Human lung is the main organ that is directly connected to
the environment and interacts with harmful particles, mists,
vapors, or gases.1 The lungs’ main function is to exchange gases
between the human body and the atmosphere by inhaling oxygen
from the atmosphere and exhausting carbon dioxide metabolized
by the human body. Adult humans can inhale more than 10 000 l
of air per day, which contains about 100 × 109–10 × 1012 particles.2

A large number of these particles will be inhaled into the lung. The
inhalation may cause lung diseases, such as chronic obstructive pul-
monary diseases, asthma, and lung cancer.3–5 Millions of people
worldwide die from these diseases every year.6–8 Therefore, it is
very important to understand how the particles carried by air flow
in the lung penetrate deeply and affect the health of the lungs.

Over the last few decades, there has been a great deal of
research effort devoted to this area. The studies include pulmonary
structure,9–11 alveolar flow,12–15 and particle transport.16–19 A
number of review articles have been published recently to report the
research progress.20–26 For example, Kleinstreuer et al.20 reviewed
theoretic models that govern particle transport in lungs and com-
monly used techniques for delivering aerosol drugs. Tsuda et al.21

reviewed the studies on the phenomena of gas transport and theo-
retic models on gas transport in alveoli. The chaotic mixing of
aerosol particles in alveoli was also covered in the review.
Hofmann22 reviewed whole-lung models for predicting aerosol depo-
sition. Sznitman23 reviewed the fluid mechanics of acinar airflows
and its effect on the transport of inhaled aerosols in the distal
regions of the lungs. Phalen and Raabe24 summarized inhaled
aerosol dose models. Tenenbaum-Katan et al.25 gave their perspec-
tive views on understanding airflow in the pulmonary environment
using microfluidic in vitro models. The most recent article from
Sznitman26 gave an in-depth review of acinar flow and aerosol trans-
port in microfluidics.

While these reviews are very comprehensive, this paper will
discuss the very recent progress on the understanding of alveolar
flows, with a view to decipher the mechanism of particle transport
and deposition in the alveolar cells. First, we give a brief introduc-
tion to the pulmonary structures and the morphology of alveoli.
We then review the research methods and key findings on alveolar
flows. Next, the development of three-dimensional lung-on-a-chip
models is reviewed. Finally, some future prospects in this field are
discussed.
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II. PULMONARY AIRWAYS AND ALVEOLAR
MORPHOLOGY

The lung is a large, gas-filled organ located within the body’s
chest cavity.3,27,28 It has a complex structure with a highly branched
tree-like airway as shown in Fig. 1. Lung tissue is spongy with a
large number of tiny cavities, i.e., alveoli, where gas exchanges take
place. The lungs can inhale and exhale air by expansion and con-
traction. Inhaled air passes through the nose, pharynx, and larynx
into the trachea of the lower respiratory tract. The end of the
trachea is divided into two branches to form the left and right
main bronchi, which are divided into smaller bronchi and finally
into bronchioles. The bronchioles also are divided into sub-
branches and the alveoli appear first in the transitional bronchioles,
which are branches of terminal bronchioles.10,29 The airway tree
from the transitional bronchioles to the alveolar sacs is referred to
as the pulmonary acinus. Based on the average acinar volume, it is
estimated that there are approximately 30 000 acini in the
adult lung. It is estimated that the lung of an adult has a total of
274–790 × 106 alveoli.3,29,30

The acinar airway is a space-filling tree with ends that are
evenly distributed and fill every space.10,29 From the first to the last
generation of the acinus, the diameter of alveoli decreases while the
density of alveoli increases. The morphology of alveoli in the lung
is polyhedron rather than spherical due to the space-filling struc-
ture of the acini,21 which are supported by numerous studies, e.g.,

the scanning electron micrograph of acinus cast by perfusion with
formaldehyde [Figs. 2(a)–2(c)],10,29 alveoli of rat lung documented
by light microscopy,31 and images of alveoli observed through con-
focal microscopy [Fig. 2(d)].11,32–34

III. CURRENT PROGRESS ON ALVEOLAR MODELING

A. Pulmonary tree and alveolar structure

The human pulmonary airway is usually modeled as a dichot-
omous tree and with an average of 24 generations according to the
studies from Weibel et al.29 The trachea is the first generation and
is labeled as the 0th generation. The diameters of the branches in
the pulmonary airway tree vary from 18 mm (trachea) to 290 μm
with the increase of airway generations under the condition of total
lung capacity. The last nine generations (from 15th to 23rd genera-
tions) are the lung acinus. Dong et al.35 proposed a method to cal-
culate the alveolar and ductal sizes in the acini based on the
anatomical data of lungs from Weibel’s group.10,29 Table I lists the
size of the alveoli and ducts in the dichotomous acinar airways.
The alveolar diameters are between 111 and 225 μm under the con-
dition of functional residual capacity (i.e., at the beginning of inspi-
ration or end of expiration). The ductal diameters decrease from
409 to 238 μm along with the acinar generations under the func-
tional residual capacity condition.

B. Issues to model real alveolar flow

To model alveolar flows, it is necessary to achieve geometric
similarity and dynamic similarity between real alveolar flow and
alveolar flows in numerical simulations or experiments.15,23,35,36

Geometric similarity indicates that two models should be exactly
alike except for the different sizes. The dynamic similarity of fluid
flow is achieved by matching the dimensionless parameters, which
are the Reynolds number (Re) and the Womersley number (Wo)
between the model and real alveoli,

Re ¼ ud � Dd

ν
, (1)

Wo ¼ Dd

2

ffiffiffi
ω

ν

r
, (2)

where Dd is the diameter of the alveolar duct, ud is the flow velocity
in the duct, ν is the kinematic viscosity of air, and ω = 2π/T,
T refers to the respiratory period.

To study the particle transport and deposition by the air flow
in the lung, particles are usually simplified as uniform spheres
without deformation and rotation. The particle concentration in
the respiratory tract is assumed to be too small to affect the airflow.
The particle density is mostly considered to be 1 g/cm3, which is
about 1000 times the density of air.19,37–40 Based on these assump-
tions, the electrostatic force and buoyant force of particles in the
airflow are usually ignored.23 As a result, the motion of particles in
airflow is mainly affected by gravity (FG), viscous drag force (FD),
and random force [F(t)].2,16,19,23 Random force describes the diffu-
sion process due to Brownian collisions. Three dimensionless
numbers need to be considered to model the particle dynamics,

FIG. 1. Model of a human airway system. From Netter, Atlas of Human
Anatomy, 6th Edition. Copyright 2014 Elsevier Inc. Adapted with permission
from Elsevier Inc.
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namely, the Stokes number (Stk), the Peclet number (Pep), and the
gravity number (H), respectively,

Stk ¼ ωρpd
2
pCc

18μ
, (3)

H ¼ gρpd
2
pCc

9μDdω
, (4)

Pep ¼ D2
dω

Dmol
¼ 3πD2

dωμdp
kBTemCc

, (5)

where ω = 2π/T is the breathing frequency, ρp is the density of the
particles, g is the gravitational acceleration, dp is the particle diame-
ter, μ is the dynamic viscosity of the fluid, Dmol is the diffusion
constant of spherical particles, kB is the Boltzmann constant, Tem is
the temperature in Kelvin, and Cc is the Cunningham slip correc-
tion factor.41

C. Numerical simulations

1. Numerical methods

There are two strategies to realize the expansion and contrac-
tion of alveolar walls in numerical simulations. In the first strategy,

FIG. 2. Anatomy of the pulmonary acini and alveoli. (a) Scanning electron micrograph (SEM) of acinus from lung cast by perfusion with formaldehyde.10 Part of the alveo-
lar ducts (ad) and alveolar sacs (as) were removed to expose the transitional bronchiole (tb) and the respiratory bronchioles (rb); scale bar 1 mm. (b) SEM of portions of
sub-acinus.10 One alveolar duct (ad’) is stretched to show the arrangement of single (a) or clustered (ac) alveoli. Dense alveolar accumulation in unstretched alveolar
ducts (ad). (c) SEM of the cross section of alveolar duct D surrounded by densely packed alveoli in human lung.29 (d) Observation of alveoli on a slice of reconstructed
three-dimensional rat lung by confocal microscopy technique.11 Images (a) and (b) are reproduced with permission from Haefeli-Bleuer and Weibel, Anat. Rec. 220(4),
401–414 (1988). Copyright 1988 John Wiley & Sons, Inc. Image (c) is reproduced with permission from Weibel et al., Respir. Physiol. Neurobiol. 148(1–2), 3–21 (2005).
Copyright 2005 Elsevier. Image (d) is reproduced with permission from Yang et al., ACS Nano 13(2), 1029–1041 (2019). Copyright 2019 American Chemical Society.
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the alveolar geometry maintains self-similarity throughout a
breathing period, and the length scale L(t) was given by a displace-
ment function L(t) = L0 ⋅ F(t)12,42–47 during expansion and contrac-
tion. The second strategy is considering force exerted by the
muscles of respiration on the lungs. This is a process of interaction
between fluid and solid. The fluid–solid interaction (FSI) method is
used to achieve the expansion and contraction of alveoli. Dailey
and Ghadiali48 were the first to use the FSI method to simulate the
expansion and contraction of the alveoli. Dong et al.35 developed a
method to calculate alveolar flow parameters and the alveolar
expansion ratios. The alveolar flows were also modeled using the
FSI method by Chen and Zhao49 and Lv et al.15

The numerical simulations of alveolar flow and particle trans-
port can be classified into two categories according to the different
alveolar modeling methods, namely the regular alveolar model50

and the irregular alveolar models generated by the anatomically
inspired algorithm51 or by computed tomography (CT) images.52,53

Studies using these two models are discussed below.

2. Regular alveoli

The first commonly used method is to build alveolar models
with a regular geometry as shown in Figs. 3(a)–3(f). The geometry
is similar to that of real alveoli. These three types of alveoli are
spherical, polyhedral (i.e., truncated octahedron), and toroidal alve-
olar models, respectively. They represent the average morphological
characteristics of the alveolar structure.51

Spherical alveoli models are widely used to study alveolar
flows. Haber and Tsuda54 and Haber et al.13 used a spherical cap to
model an alveolus, which was placed on a flat surface. The alveolus
can expand and contract in a self-similar manner. Based on
quasi-steady conditions, the flow field, the motion of massless par-
ticles, and the deposition of actual particles by convection and
gravity within the alveolus were computed. A similar computational
model was reported by Haber and Tsuda,55 in which they used two

eccentrically nested cylinders of different diameters to study hydro-
dynamic phenomena within an alveolus. The two eccentric cylin-
ders can expand and contract with self-similarly. The fluid fills the
cavity between the two cylinders. The inner tube can be rotated
periodically. Lee and Lee56 used a model with a spherical alveolus
on a cylinder to study the differences in particle motion in alveoli
with both expanding–contracting and fixed wall conditions.
Sznitman et al.43,44 and Henry et al.14 modeled alveolar flows in
the single spherical alveolus with rhythmically expanding alveolar
walls. They presented the streamlines in the alveoli to visualize the
three-dimensional flow patterns. Harding and Robinson57 studied
alveolar flows in the last generation using a multi-alveolar model of
spherical alveoli. In their study, only the alveoli could expand and
contract. Semmler-Behnke et al.45 showed the changes in alveolar
flow patterns during alveolus development. With the development
of alveoli, the depth of the alveolar cavity increases. The age-
dependent changes in acinar fluid mechanics and particle deposi-
tions were studied. Ma and Darquenne40,58 used multi-generation
multi-alveolar models to study alveolar flows and particle deposi-
tion. A whole-lung airway model for studying alveolar flows was
developed by Kolanjiyil and Kleinstreuer59–61 as shown in Fig. 3(g).
In their model, the alveolus was connected with the duct by a cylin-
drical neck. The geometry of the alveolus is a spherical cap, which
is different from Fig. 3(a). Only alveoli can expand. The effect of
the neck on alveolar flow was not evaluated. To save computation
time, their whole-lung airway was divided into three parts (i.e.,
Gen 16–18, Gen 19–21, and Gen 22–23) for numerical simulations.

From the previous studies, it can be found that the alveoli in
the spherical alveolar model were not arranged in the space-filling
manner. There were spaces between alveoli and, therefore, the
effect of the expansion and contraction movements of alveolar
walls during breathing was not taken into account. These models
should not be used for locations where alveolar cells are tightly
packed. In the latter case, the space-filling models should be used,
in which case the adjacent alveoli would share the same wall and
thus interactions between neighboring alveoli are considered.

Fung62 and Denny and Schroter63 designed a truncated octa-
hedron to describe the space-filling alveoli. The truncated octahe-
dron was constructed from a regular octahedron by removing six
right square pyramids from each vertex of the octahedron. The
length of each side of the truncated octahedron was the same.
Figure 3(e) shows the assembly of multiple truncated octahe-
drons.62 Any two adjacent alveoli share the same alveolar septum.
This alveolus structure was adopted in many studies of alveolar flows
using space-filling models that resemble real alveoli. Sznitman
et al.44,64 used asymmetric space-filling acinar trees (from 18th to
23rd generation), a sub-region of the pulmonary acinus to study
alveolar flows and particle trajectories. Similar asymmetric space-
filling acinar trees of the last five generations were modeled by
Khajeh-Hosseini-Dalasm and Longest,65 Ostrovski et al.,66

Hofemeier and Sznitman,46 and Oakes et al.67 These studies focused
on particle transport and deposition. Among these studies, Oakes
et al.67 showed flow patterns in healthy and emphysema sub-acini.
No inter-septal walls were present in the diseased regions. A more
detailed study on alveolar flow patterns in a truncated octahedron
was carried out by Kumar et al.68 based on a single duct surround-
ing multiple alveoli, which is similar to Fig. 3(e). The model of the

TABLE I. Acinar data of a typical human adult.35

ith
Gen.

Dd-TLC,i
a(μm)

Dd,i
b(μm)

Da-TLC,i
c(μm)

Da,i
d(μm)

Respiratory
bronchioles

15 498 409 134.7 111
16 497 409 135.3 111
17 492 404 138.7 114
18 397 326 202.0 166

Alveolar ducts 19 382 314 212.0 174
20 356 293 229.3 189
21 335 275 243.3 200
22 311 256 259.3 213

Alveolar sacs 23 289 238 274.0 225

aDuctal diameter at the ith generation under total lung capacity (TLC)
condition.
bDuctal diameter at the ith generation under functional residual capacity
(FRC) condition.
cAlveolar diameter at the ith generation under TLC condition.
dAlveolar diameter at the ith generation under FRC condition.
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alveolar sac was designed by adding an alveolus on one end of the
duct. Kumar et al.69 used an alveolar duct with multiple alveoli to
study the mixing patterns by tracking grids of massless particles.

The toroidal alveolar model can be also space-filling.
However, unlike the truncated octahedron, alveoli on this model
can only be space-filling on the same alveolar duct. There are two
types of toroidal alveolar models. One is similar to the model in
the study of Tsuda et al.12 that a torus with a circular section is an
alveolus. They first discovered the chaotic fluid flow in the alveoli
under rhythmically expanding alveolar walls. Henry et al.42 studied
chaotic mixing using an alveolar model with multiple tori of circu-
lar sections on a cylinder. However, adjacent alveoli in this model
are separated by a distance and are not space-filling. Subsequently,

Henry et al.70 studied chaotic mixing patterns in multiple toroidal
alveoli with quadrilateral cross sections. The arrangement of these
alveoli is space-filling. In a subsequent paper, Henry and Tsuda71

used a similar model of the toroidal alveoli to study flow patterns
and radial particle transport along the human acinar tree. In a sep-
arate study, Henry and Tsuda47 used the same model to study alve-
olar flows in alveoli at different stages of development by changing
the depth of the alveolar cavities. Another model is that a torus is
cut into multiple alveoli, or referred to as segmented toroidal
alveoli as shown in Figs. 3(c) and 3(f ), respectively. Adjacent
alveoli share the same alveolar septum. Darquenne and Paiva,72

Darquenne et al.,73 and Ciloglu et al.74,75 used a single alveolated
duct with multiple segmented toroidal alveoli to carry out the

FIG. 3. (a) and (d) spherical alveolus. (b) and (e) Polyhedral (i.e., truncated octahedron) alveolus. (c) and (f ) Toroidal alveolus. Images (a)–(c) are single alveolar models.
Images (d)–(f ) are multi-alveolar models. (g) Alveoli with long necks in whole-lung airway model.61 From Kolanjiyil and Kleinstreuer, Comput. Math. Method Med. 2019,
5952941 (2019). Copyright 2019 Author(s), licensed under a Creative Commons Attribution (CC BY) license.
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studies on particle deposition and alveolar flow. Harrington et al.76

designed a fully alveolated bifurcation of two generations based on
the segmented toroidal alveoli. These studies mainly investigated
particle transport behavior.

3. Irregular alveoli

One of the approaches to recreate alveolar models of irregular
alveoli is based on anatomically inspired algorithms. It can generate
space-filling acinar geometries of variable shapes that reflect statisti-
cal morphometric measurements in humans. This method was pro-
posed by Koshiyama and Wada,51 in which they used the
combination of Voronoi tessellation and Delaunay tessellation to

model a heterogeneous acinus structure with irregular sizes, shapes,
and locations, as shown in Fig. 4(a). Hofemeier et al.77 and
Shachar-Berman et al.78 used the heterogeneous acinus structure,
as shown in Figs. 4(b) and 4(c), to numerically simulate the trans-
port and deposition of aerosol particles. Such a structure was also
used in Refs. 79–81 on aerosol transport and deposition in whole-
lung models. An example of the model is shown in Fig. 4(d).80

While this method can reflect the heterogeneity of acinar architec-
ture, it does not take into account of the variations of sizes of ducts
and alveoli across different acinar generations.35

The last approach for constructing acinar models of irregular
alveoli is based on computed tomography (CT) images of an intact
acinus.52,53 Acinar morphometric metrics such as diameters,

FIG. 4. Heterogeneous acinus structure. (a) Two-dimensional schematic diagram of the acinus structure model.51 (b) Cross-sectional cut through the acinar model.77

(c) Whole view of the acinar model.77 (d) Whole-lung model (simplified deep lung model).80 Image (a) is reproduced with permission from Koshiyama and Wada, Comput.
Biol. Med. 62, 25–32 (2015). Copyright 2015 Elsevier Ltd. Images (b) and (c) are reproduced with permission from Hofemeier et al., Eur. J. Pharm. Sci. 113, 53–63
(2018). Copyright 2017 Elsevier B.V. Image (d) is reproduced with permission from Koullapis et al., J. Aerosol. Sci. 144, 105541 (2020). Copyright 2020 Elsevier Ltd.
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lengths, and branching angles of the alveolar ducts, acinar volume,
alveolar surface area, surface area/volume ratios, and total path
lengths from the acinar entrance to the alveolar sacs can be
assessed using high-resolution CT images. For example, Williams
et al.82 studied the drug deposition in the upper airway structure
using a model generated from a CT scan image.

D. Experimental studies

1. Experimental methods

In experimental studies, there are two methods to realize the
expansion and contraction of alveoli. The schematic illustrations
are shown in Figs. 5(a) and 5(b). The alveolar model is contained
in a pressure chamber that is filled with liquid. A syringe pump is
used to control the pressure in the chamber. When the liquid in
the chamber is pumped out, the pressure in the chamber decreases,
resulting in the expansion of alveoli due to the negative pressure
(relative to atmospheric pressure) in the chamber. When the fluid
is injected into the chamber, the pressure in the chamber increases
and results in the contraction of alveoli. If the alveolar model ends
with alveolar sacs, the alveolar model only has one entrance that is
connected to the outside atmosphere as shown in Fig. 5(a). This

method was used in several studies, e.g., Berg et al.83 and Fishler
et al.84 In the second method [Fig. 5(b)], the system is set up
without sacs. This alveolar model has both an inlet and an outlet.
The inlet is connected to a second syringe pump that controls the
transient fluid flow in the alveolar duct.15,38

Flow field measurements and particle tracking measurements
are mostly required in experimental studies. Two types of alveoli
are usually used, i.e., the scale-up models and real-size models. The
measurement of the flow field includes two methods. The first
method is flow visualization, i.e., qualitative observation of the flow
field in the alveoli. In this method, the position of seeding particles
at different time points is recorded by taking pictures for a short
period of time and then superimposing these pictures to obtain a
flow field map.85,86 In order to obtain an accurate flow field in the
alveoli, the commonly used measurement method is particle image
velocimetry (PIV). Macroscopic PIV was used in the scaled-up
alveolar experiments, which requires a light sheet.83,87–90

Microscopic PIV was used in the alveolar chip experiments.15,84

Particle tracking is to measure the movement of particles in
alveoli. It is carried out for the detection and tracking of particle
trajectories as recorded by video imaging. The time interval for
time sequences in the video imaging should be small enough for
particle identification. After data acquisition, the positions of the
tracked particles are determined using image processing algorithms.
The corresponding particle trajectories can be obtained by connect-
ing the positions of the same particle at different time
sequences.17,86,91 However, both the flow field measurement and
the particle tracking are usually two-dimensional snapshots of the
three-dimensional flow phenomenon. Measurements using 3D
techniques are still missing.

The experimental studies involve two types of models, i.e., the
scale-up and real-size models. In the scale-up models, the kine-
matic viscosity (ν) or the fluid velocity (ud) can be adjusted to
match Re, and ν or T can be adjusted to match Wo. On the con-
trary, the real-size model has the same dimension with the real
alveoli. Studies using these two models are discussed below.

2. Scaled-up alveolar models

van Ertbruggen et al.87 designed an alveolar bend and Ma
et al.92 designed a three-generation alveolar bifurcation. They both
used toroidal alveoli. The cross section of the alveolus was rectan-
gular and a torus represented an alveolus. Both models were made
of silicone by casting. The model sizes of the two studies were
about 50 and 75 times of that of a real alveolus, respectively.
However, the alveolar walls were rigid without deformation.

An example of a scaled-up model that can achieve rhythmical
alveolar expansion is shown in Figs. 6(a) and 6(b). The first
scaled-up model of the spherical alveoli that could imitate the
expansion and contraction of alveoli was designed by Cinkotai.93

The alveolus size in the model is about 100 times that of the real
lung. The author used this model to visualize the mixing of the
tidal and residential air. Tippe and Tsuda85 reproduced alveolar
flows in a circular toroidal alveolus by experimental work. The
dimensions of this alveolus were enlarged by a factor of about 20.
The alveolar model was obtained by casting of silicone rubber. The
flow patterns were visualized by tracer trajectories, which were

FIG. 5. Schematic illustrations of control systems for expansion and contraction
of alveoli. (a) Alveolar model with alveolar sac. (b) Alveolar model without
alveolar sac.
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obtained by superposition of some images from one series. The
three similarities were matched in the latter two studies except that
they did not consider Wo and the dynamic similarity of particle
motion. Chhabra and Prasad38,94,95 designed a single-alveolus
model with a scale-up ratio of ∼100. Only the alveolus could
expand and contract while the duct remained rigid. The Reynolds
number and the Womersley number were matched around the
18th and 19th acinar generations. Results for velocity maps at dif-
ferent stages of breathing cycles were presented. The alveolar model
of Li et al.96 was made of a rubber balloon with a scale-up ratio of
75, and the method as that in Fig. 5(a) was used to achieve contrac-
tion and expansion. In the study by Oakes et al.,88 two models of
alveolar sacs were made to mimic healthy and emphysemic alveolar
sacs, respectively. The scale-up ratio was 75 and the Re and Wo
numbers were matched. Other studies of flow field in alveolar sacs
using scale-up models include those reported by Berg et al.,83 Berg
and Robinson,89 and Sera et al.90 in which the models were made
either using SEM images of real lung cast or the synchrotron com-
puted tomography (CT) of the real lung.

The scaled-up model has several advantages. The geometric
scaled-up model is easy to be fabricated. We can easily fabricate the
alveolar model of the real alveolar shape, such as the regular alveoli
of sphere and polyhedron and the irregular alveoli obtained by CT
scanning. It is easier to measure the flow field in the scaled-up
model, and even a three-dimensional flow field can be easily mea-
sured. However, the scaled-up model has a great defect, that is, it
cannot simultaneously match the dimensionless number that
makes the dynamics between the scaled-up model and the real
alveoli similar. When particle transport is not considered, Re and
Wo numbers need to be matched. We can match these two dimen-
sionless numbers with high viscosity fluids and extended breathing
cycles. According to the formula of two dimensionless numbers,
not only the viscosity will increase but also the breathing cycle will
be significantly prolonged. When studying particle transport and
deposition, Stk, Pep, and H numbers are additionally matched, but
the high viscosity coefficient of the fluid and the excessively pro-
longed period make it impossible for the dimensionless numbers to
be matched at the same time.

3. Real-size alveolar model

The real-size models for studying alveolar flows are mostly
alveolar microfluidic chips that are fabricated using microfabrica-
tion technologies. The methods for achieving contraction and
expansion are the same as those used in the scale-up models, as
shown in Figs. 5(a) and 5(b). While in real-size models all the non-
dimensional numbers can be matched, the main drawback is that the
shape of alveoli in the alveolar chip is different from the real shape,
i.e., neither spherical nor polyhedral due to limitations of the cur-
rently available fabrication techniques. The cross section of the alveo-
lar duct is a rectangle and the alveoli are partial cylinders. The
sidewalls and top walls in the alveolar chip can expand and contract.
The multi-generation and single-generation alveolar chips are similar
to Figs. 6(d) and 6(f), respectively. The application of microfluidics
for studying alveolar flows was first introduced by Fishler et al.84

They fabricated a five-generation polydimethylsiloxane-based
alveolar chip using a standard soft-lithography microfabrication

technique. The working fluid is a 64/36 (v/v) glycerol/water mixture,
which has approximately the same kinematic viscosity as air at ∼24 °
C. They measured the fluid flow field in the alveoli using micro-
particle image velocimetry (μPIV). Their detailed fabrication and
measurement can be found in the work of Fishler and Sznitman.97

Fishler et al.17 designed another five-generation alveolar chip with
gas as the working fluid. They tracked the trajectories of aerosol par-
ticles in the alveoli. Tenenbaum-Katan et al.25 adapted the latter
design and presented the corresponding flow patterns. Fishler et al.91

used a similar design to track the particle trajectories in alveoli and
duct for multiple periods. Lv et al.15,98 designed an alveolar chip of a
single alveolus. The model is shown in Figs. 6(e) and 6(f). Then,
Dong et al.16 designed a platform based on the latter alveolar chip to
track the particles for a long term in alveoli with a 36:64 (v/v) glyc-
erol/water mixture as the working fluid under the effect of gravity
and gravity directions. Subsequently, Zhang et al.86 of the same
research group conducted extended research based on this particle
tracking platform. They studied the transport and deposition of par-
ticles of different sizes and greatly extended the particle tracking
time.

Although alveolar chips have great advantages in studying
alveolar fluid flow and particle transport in real-size models and
have gained increasing attention in recent years, they cannot fully
reproduce the real three-dimensional structure of the alveoli and
the duct. Furthermore, the expansion and contraction of the duct
walls cannot be well modeled. These drawbacks need to be over-
come for improving the understanding of alveolar flows. This
awaits the advancement of current micro- and nano-fabrication
technologies including high precision 3D printing technologies.

IV. FLUID FLOW IN ALVEOLI

A. Flow patterns in alveoli

The fluid flow in pulmonary alveoli has been extensively
studied over the last few decades using both numerical and experi-
mental methods. The early studies on alveolar flow using numerical
modeling were mainly based on models with rigid alveolar walls
and steady fluid flow conditions.12,99,100 For example, Tsuda et al.12

simulated flows in an alveolus with a rigid alveolar wall. The model
consisted of a central duct surrounded by a torus. The torus repre-
sented an alveolus. The modeling revealed a vortex with closed
streamlines formed inside the alveolus. The recirculating flow
inside the alveolus and the duct flow are separated by a streamline
at the mouth of the alveolus and fluid elements in the duct do not
enter the alveolus. The streamlines in the ductal flow slightly bulges
toward the alveolar region, and as the Reynolds number increases,
the depth and asymmetry become greater.56,100 Since the rigid alve-
olar flow with the steady flow cannot represent the transient alveo-
lar flow, Tsuda et al.12 extended the earlier work and used the same
toroidal alveolus to study the fluid flow in the alveolus with rhyth-
mically expansible alveolar walls. The fluid flow in this alveolus
differs from that in the alveolus with a rigid wall. Both recirculation
flow patterns and radial flow patterns could be found, as shown in
Figs. 7(a)–7(f ) and Figs. 7(g) and 7(h), respectively.

Several studies have also confirmed both flow fields by experi-
ments and simulations, respectively. Due to the difficulties in fabri-
cating alveolar models, there are only limited number of

Biomicrofluidics REVIEW scitation.org/journal/bmf

Biomicrofluidics 16, 021502 (2022); doi: 10.1063/5.0084415 16, 021502-8

Published under an exclusive license by AIP Publishing

https://aip.scitation.org/journal/bmf


experimental studies, which include the scaled-up models38,83 and
alveolar chips.15,17,84 On the contrary, numerical investigations
have been extensively carried out. These include studies using
single alveolus,14,43,56 multiple alveoli,42,47,68,69,73 and multi-
generation alveoli,44,60,61,64 respectively.

Although the existence of the two flow patterns has been
extensively verified, there is still disagreement on the structure of
the flow fields, that is, whether the streamlines in the vortex region
of the recirculation flow pattern are closed. Haber et al.13 used an
alveolus of spherical cap to directly derive the flow patterns based
on the stream function. Tsuda et al.,12 Lee and Lee,56 Sznitman
et al.,43 and Henry et al.14 revealed alveolar flow patterns in the
single alveolus by solving unsteady Navier–Stokes equations in
numerical simulations. Several simulation studies on multi-alveolar
flow fields42,47,69 also revealed the flow patterns similar to single-
alveolus studies. In the vortex region of the recirculation flow pat-
terns of these studies, the streamlines are closed, indicating that
there is a center point in the vortex. The vortex region with closed
streamlines in the recirculation flow pattern is shown in Fig. 7(i).
Henry et al.14 also presented the three-dimensional recirculation
streamlines of the Russian-nesting-doll structure and three-
dimensional radial streamlines in the alveoli with rhythmic expan-
sion and contraction. In the vortex region of the recirculation flow,

streamlines are spirally connected to the alveolar wall. However, in
the other studies, the streamlines in the vortex region are unclosed,
which formed the spiral sink/source,15,44,50,84,101 as shown in Figs. 7
(a)–7(f). The difference was argued to be due to that the previous
simulations by Tsuda et al.12 were based on the assumption of self-
similar expansion of alveolar walls. This assumption was found be
questionable. Lv et al.98 pointed out that the expansion and contrac-
tion of the alveoli did not follow self-similarity and could cause non-
uniform radial perturbation to alveolar flows. As a consequence, the
unstable closed streamline could become a spiral form.

The flow patterns in alveoli are mostly determined by three
parameters, i.e., the alveolar to ductal flow rate β =Qa/Qd, the
opening half angle θ, and the geometry of the alveoli.12,90 Figure 7( j)
shows the definition of the parameters. As the β value or the θ
value increases, the vortex region in the recirculation flow pattern
will become smaller, and eventually, the recirculation flow pattern
becomes a radial flow pattern.12,15,50,84 Currently, there are two
ways to calculate the value of β. The first is that all alveoli expand
and contract according to the same expansion coefficient. All
length scales are proportional to a time-dependent scale, as in
Tsuda et al.,12 Henry et al.,42 Sznitman et al.,43,44 Kumar et al.,69

and Henry and Tsuda.47 Dong et al.35 devised another calculation
method based on the mechanism by which the alveoli expand and

FIG. 6. Models of scaled-up alveoli and alveolar chips. (a) Experimental PIV setup of scaled-up model.83 (b) Cross section of scaled-up model (magnified 22 times).83

(c) CAD drawing of multi-generation alveoli chip.84 (d) Multi-generation alveoli chip.84 (e) CAD drawing of alveolar chip of single alveolus.15 (f ) Alveolar chip of single
alveolus.15 Images (a) and (b) are reproduced with permission from Berg et al., J. Biomech. 43(6), 1039–1047 (2010). Copyright 2009 Elsevier. Images (c) and (d) are
reproduced with permission from Fishler et al., J. Biomech. 46(16), 2817–2823 (2013). Copyright 2013 Elsevier. Images (e) and (f ) are reproduced with permission from
Lv et al., Lab Chip 20(13), 2394–2402 (2020). Copyright 2020 The Royal Society of Chemistry.
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FIG. 7. Images (a)–(h) Flow patterns and velocity fields on the midplane of alveolar cavities at the 16th to 23rd generations.15 Reproduced with permission from Lv et al.,
Lab Chip 20(13), 2394–2402 (2020). Copyright 2020 The Royal Society of Chemistry. (i) Recirculation flow pattern with closed streamlines in vortex region (red lines).14

Reproduced with permission from Henry et al., J. Biomech. Eng. 134(12), 121001 (2012). Copyright 2012 ASME. ( j) Schematic diagram of alveoli. θ is the opening half
angle, H is the height of alveolar cavity, Qa is alveolar flow rate, Qd is ductal flow rate, Dd is the ductal diameter, and Da is the alveolar diameter (k) Streamlines in an alve-
olus at birth.45 Reproduced with permission from Semmler-Behnke et al., Proc. Natl. Acad. Sci. U.S.A. 109(13), 5092–5097 (2012). Copyright 2012 National Academy of
Science.
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contract under the action of respiratory muscles. They determined
the expansion coefficient and the value of β assuming that all
alveoli are uniformly stressed and that the volume of inhaled air is
limited. The β values obtained by the two methods are quite differ-
ent, and the β values used in different literature studies are also dif-
ferent. However, the changes in β values within the alveoli are
similar. In the lung acini, the magnitude of the β value is related to
the generations in which the alveoli are located. The value of β
increases from the first to the last generation of the acini.

The θ value of the alveolar cavity can vary at different ages. As
the lung develops, the θ value becomes smaller. Tsuda et al.12 and
Henry ad Tusda47 found that the recirculation flow pattern changes
to a radial flow pattern with the increase of θ. The study by
Semmler-Behnke et al.45 showed that at an earlier age the alveolar
ducts are shallow saccular airways with large θ. The flow field in
the alveoli is neither radial nor eddy, but a simple bulge as shown
in Fig. 7(k). The study by Lv et al.15 showed that the θ value also
changed with time during a respiratory cycle.

The geometry of the alveoli also dictates the flow patterns in
alveoli. Hofemeier and Sznitman50 studied the flow field within
three regular alveoli, i.e., spherical, polyhedral, and toroidal. Their
research showed that the different shapes of alveoli had a signifi-
cant effect on the velocity profile and the magnitude within the
alveoli. However, it was not sufficient to change the qualitative flow
patterns significantly. Sera et al.90 visualized the flow patterns

measured by particle image velocimetry (PIV) in alveolated ducts
based on CT images. The alveolated duct was scaled-up by 100
times from the actual alveolar sizes. The alveoli in the duct were
irregular. The measured flow patterns in the alveoli were different
from those in the regular alveoli. Radial flow patterns and single,
double, and triple flow patterns of spiral vortex in an alveolus
could be found.

B. Chaotic mixing in alveoli

Flow mixing in the lung attracted a great deal of research
attention in the last few decades due to the importance in the
understanding particles/aerosols transport and deposition. The
study on flow mixing in the lung dates back to 1960s, and
the earlier studies were mostly on the respiratory tract.102–104 The
earliest study on flow mixing in alveoli is perhaps that of
Cinkotai’s.93 In this study, Cinkotai used a latex balloon model with
rhythmical movement of expansion and contraction to experimen-
tally visualize the flow patterns inside an alveolus. The fluid flow
was directly injected into the alveolus, i.e., the flow direction aligned
with the axis of the alveolus. He found that the flow was reversible
due to the homogeneous movement of the alveolar walls and postu-
lated that fluid mixing could occur for inhomogeneous movement
in real alveoli. This area of study has been quite for nearly 20 years
until the early work by Tsuda et al.12 Tsuda et al.12 found that the

FIG. 8. Chaotic mixing in alveoli. (a) Instantaneous flow patterns with closed streamlines.12 Reproduced with permission from Tsuda et al., J. Appl. Physiol. 79(3),
1055–1063 (1995). Copyright 1995 American Physiological Society. (b) Instantaneous flow patterns with unclosed streamlines.15 Reproduced with permission from Lv
et al., Lab Chip 20(13), 2394–2402 (2020). Copyright 2020 The Royal Society of Chemistry. (c) Stretched and folded mixing pattern.111 Reproduced with permission from
Butler and Tsuda, J. Appl. Physiol. 83(3), 800–809 (1997). Copyright 1997 American Physiological Society.
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low Reynolds flow in alveoli with geometrically similar movement
of expansion and contraction could be kinematically irreversible.
This study was carried out on the basis of a numerical simulations,
and, most critically, the flow was induced by a duct flow with the
axis perpendicular to the axis of the alveolus (different from the
setup of Cinkotai).93 The simulation revealed a stagnation saddle
point near the alveolar opening [Figs. 8(a) and 8(b)], leading to a
flow with chaotic characteristics, which was demonstrated by the
trajectories of massless particles. In a follow-up study using rat
lungs, Butler and Tsuda111 observed the mixing patterns due to the
stretching and folding of convective flow patterns as shown in
Fig. 8(c). The chaotic mixing was confirmed in a later study105 from
flow visualization of rhythmically ventilated rat lungs and a number
of investigations using numerical modelings.12–14,55,69,70

It should be noted that while the existence of stagnation
saddle points in the alveoli was initially revealed in the numerical
studies of Tsuda et al.,12 the first experimental verification was
achieved by Lv et al.15 The stagnation saddle point of a homoclinic
orbit near the entrance corner in the recirculation flow pattern,
shown in Figs. 8(a) and 8(b),12–15 has been recognized as a sign of
flow chaos since material lines could bifurcate from the saddle

points.12,69 However, in addition to the stagnation saddle point
caused by the special geometric expansion of the alveolar walls,
kinematic irreversibility is also related to the flow asynchrony.69,106

A small flow asynchrony, i.e., phase lags between wall motion and
ductal flow, could cause highly irreversible particle trajecto-
ries.101,107 It was confirmed using studies of flow visualization of
tracer patterns in a T-shaped junction108 and a number of investi-
gations using numerical modelings.69,101,107 Moreover, the radial
flow in the alveoli of the distal generation could still achieve effec-
tive mixing as a result of flow asynchrony.107 The kinematic irre-
versibility due to saddle points and flow asynchrony is the
fundamental mechanisms of chaos. The existence of flow chaos can
enhance mixing and deposition in alveoli.12,13,19,109

The observed chaotic mixing phenomena can be described by
stretched and folded fractal patterns, which are associated with the
kinematic irreversibility.13,105,108,110 The structure is recognized as a
hallmark of chaotic flow. Many studies have been published to
reveal these patterns based on numerical and experimental
methods.42,105,106,108,111 The rhythmically ventilated rat lungs105,106

and a T-shaped junction108 showed similar folded tracer filaments.
Henry et al. also found this structure in their simulation.42 The role

FIG. 9. Two- and three-dimensional lung-on-a-chip. (a) The microfabricated lung-on-a-chip device with a two-dimensional alveolar–capillary barrier.112 Reproduced with
permission from Huh et al., Science 328(5986), 1662–1668 (2010). Copyright 2010 American Association for the Advancement of Science. (b) SEM image of spherical
microwells (side views; scale bars: 100 μm).120 Baptista et al., Biomaterials 266, 120436 (2021). Copyright 2021 Author(s), licensed under a Creative Commons Attribution
(CC BY) license. (c) Cross-sectional view of three-dimensional alveolar–capillary interface with alveolar epithelial–endothelial/capillary barrier.120 Baptista et al.,
Biomaterials 266, 120436 (2021). Copyright 2021, licensed under a Creative Commons Attribution (CC BY) license.
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of this stretch-and-fold structure in chaotic mixing in the alveoli
can be briefly summarized in the following way. In alveolar flows
with stretch-and-fold patterns, a tracer is stretched and folded cycle
by cycle. Due to the irreversibility, the trace cannot return to its
initial position. The area over which diffusion can take place grows
as the cycle number increases. The number of the folded tracer
stripes also increases, indicating that the transverse distance
between two adjacent folded tracer stripes decreases. As a result,
the diffusion length can be increased, which is fast than a system
without the stretch-and-fold patterns. Therefore, chaotic acinar
flow with stretch-and-fold patterns is the essence of the chaotic
mixing in the acini.

V. LUNG-ON-A-CHIP

The advent of microfluidics motivated the development of
lung-on-a-chip devices for studying the physiological response of
tissues of alveolar cells to drugs or particles, an important step to
replace animal models for drug studies. Huh et al.112 designed a
lung-on-a-chip model that consisted of two channels separated by
a thin porous membrane and two side pressure chambers as shown
in Fig. 9(a). The membrane with alveolar epithelium and microvas-
cular endothelium is the air–liquid interface or alveolar–capillary
barrier. The air–liquid interface can be stretched to imitate alveolar
expansion. This study revealed that cyclic mechanical strain accen-
tuates toxic and inflammatory responses of the lung to silica nano-
particles. Many studies have used this design to investigate drug
discovery113–116 and pathophysiology.117–119 However, the air–liquid
interface in this design only represents a partial alveolar–capillary
barrier. The current lung-on-chip platforms with the air–liquid
interface still mostly use 2D membranes for cell growth,120 which
differ significantly from the curved surfaces of 3D alveolar walls
for epithelial and endothelial cells10,29,120 and thus different cell
development processes.121

To improve the model, Baptista et al.120 created a three-
dimensional membrane using a combination of the three-
dimensional micro-film (thermo)forming and ion track technology
as shown in Figs. 9(b) and 9(c). The authors fabricated an array of
hemispherical microwells on a planar membrane. The alveolar epi-
thelial cell layer and microvascular endothelial cell layer successfully
grew in the hemispherical alveolar surface. A similar three-
dimensional membrane was fabricated by Zamprogno et al.122 by
pipetting a drop of collagen-elastin solution on a scaffold that con-
sisted of an array of hexagonal pores. This membrane could be
stretched by applying negative pressure and could form the air–
liquid interface. Huang et al.123 developed a lung-on-a-chip plat-
form with a three-dimensional porous hydrogel, which was similar
to the alveolar sacs and formed the air–liquid interface. Even
though these models can form 3D air–liquid interfaces to mimic
alveolar walls, they are still far from ideal since the dynamics of
airflow and its interaction with cell walls have not been incorpo-
rated to represent the inhalation process of air and particles. As
mentioned earlier, the flow fields, particle properties, and breathing
patterns can all affect the deposition amount and deposition region
of particles in the alveoli. The development of advanced
lung-on-a-chip platform incorporating these functions still needs a
breakthrough.

VI. SUMMARY AND FUTURE PROSPECTS

Understanding the dynamics of airflow in alveoli is important
for understanding lung functions and the cause of many lung dis-
eases. This paper has reviewed the current progress in the modeling
of alveolar cells and methods of fluid flow simulation and the
application of lung-on-a-chip devices. As discussed in this Review,
great progress has been made in the understanding of alveolar flow
and chaotic mixing in the alveoli. Both recirculation and radial
flow patterns exist in the alveoli. The flow patterns are dictated
mainly by three factors, i.e., the ratio of alveolar to ductal flow
rates, the opening half angle, and the geometry of the alveoli. For
alveoli with large alveolar to ductal flow rate ratios, i.e., in the last
two generations of alveoli (22th and 23th), the flow is mostly of
radial format. For alveoli at other generations with smaller alveolar
to ductal flow rate ratios, recirculation flow patterns (i.e., vortex)
dominate. The size of the vortex gradually decreases as the ratio
decreases. For recirculation flow patterns, the streamlines are of the
spiral format due to the non-self-similar expansion and contraction
of alveolar cells during breathing. This differs from the closed
format reported for cases where self-similar movements of alveolar
cells are considered. There is a stagnation saddle point in the recir-
culation flows in alveoli from 15th to 21th generations. Saddle
point and phase lags are considered to be two important factors
that cause chaotic mixing in the alveoli. The underlining stretched
and folded flow patterns are the key enablers of chaotic mixing in
the alveoli. In addition to the fundamental studies of alveolar flows,
there have been recent developments in lung-on-a-chip devices to
mimic the key function of alveoli for studying the effect of nano-
particles and drugs on alveolar cells.

Although studies on alveolar flow have made impressive pro-
gress, there are still challenges to be addressed. First, current numeri-
cal and experimental studies use highly simplified and regular
alveolar models and, therefore, cannot reflect the interactions
between alveoli. Lungs are fully filled by alveoli and ducts in the
acinar region. The expansion and contraction of alveoli are affected
by the surrounding alveoli, and the deformations at the local pulmo-
nary acinar scale are intrinsically anisotropic. These factors should
be taken into account for future studies. Second, computation of
fluid flows in alveoli needs to be further improved to fully reveal the
chaotic flow structures. There is a lack of understanding of the three-
dimensional chaotic mixing in the alveoli, such as Lagrangian coher-
ent structures, Poincaré maps, and Lyapunov exponents. Third,
current numerical modeling needs more rigorous validation using
experimental data. However, the measurements of 3D alveolar flows
are still limited by 2D techniques. Only the 2D snapshot of the
flow patterns is currently available experimentally. The 2D alveolar
flow and particle motion (e.g.., on the symmetry plane of alveoli)
cannot fully present the three-dimensional phenomena. The applica-
tion of 3D microflow measurement techniques (e.g., 3D microPIV,
stereoscopic PIV) is imperative. Finally, better lung-on-a-chip
devices are needed for biological application, e.g., the effect of flow
patterns on the gas exchange in the alveoli and the effect of flow and
particle on the cells on the alveolar walls. It is highly desirable to
design a lung-on-a-chip device that can simulate alveolar breathing,
fluid flow, and particle transport in the biological microenvironment
within the three-dimensional alveoli.
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