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ABSTRACT
Inhaled fibers can potentially cause inflammation of the lung tissue and interstitium, which
after long-term exposure may lead to lung cancer, malignant mesothelioma, or pulmonary
and pleural fibrosis. To reduce the risk and set the appropriate occupational hygiene regu-
lations, it is important to be able to precisely calculate the fate of inhaled fibers depending
on their physical characteristics and inhalation conditions. In the absence of experimental
data on the real behavior - trajectories, orientation and flipping - of inhaled fibers, a new
test rig was assembled for visualization and recording of flowing fibers in a replica of the
human trachea and the first bronchial bifurcation. Fibers prepared from commercially pro-
duced glass fibers have been processed, dispersed, and introduced into the airway replica.
Visualization was performed using a powerful LED light and a high-speed camera. The flow
of fibers was evaluated upstream and downstream of the realistic asymmetrical bifurcation
and dependence on flow conditions was sought. The fractions of parallelly and perpendicu-
larly flowing fibers were statistically evaluated in three locations. The frequency of flipping
was also analyzed. The results show that the parallel orientation of the fibers is less domin-
ant than expected. The fiber orientation tables for various conditions can be used to adjust
and improve computational simulations of inhaled fibers in the human airways.
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1. Introduction

Inhaled fibers are recognized as pathogens that can
potentially cause inflammation of the lung tissue and
interstitium. The pathogenicity of different fibers is
not equal and there are many questions about the
effects of man-made fibers and nanofibres. Generally
speaking, inhalation of fibers can lead to numerous
adverse responses in the body, where the specific reac-
tions depend on the duration and intensity of exposure
and the nature of the fibers (their geometry and bioper-
sistence1). Evidence reported e.g. in (Donaldson et al.
2010) shows that toxicity strongly depends on the fiber
dimension and less on its chemical composition.

Inhaled fibers tend to avoid the most efficient
mechanism of pulmonary clearance, i.e. the slow
upward movement of deposited particles, along with

mucus driven by the synchronized motion of cilia,
which transports the fibers to the throat and digestive
system (Donaldson et al. 2013). Some of the inhaled
fibers penetrate and deposit beyond the ciliated
airways, which after long-term exposure may lead to
pulmonary and pleural fibrosis, i.e. a diffuse accumu-
lation of fibrous/scar tissue in the interstitium of the
lung or pleura. Pulmonary fibrosis impairs the diffu-
sion of gases from the blood into the air spaces and
limits lung expansion. Pleural fibrosis may lead to pleu-
ral effusion - an accumulation of fluid in the pleural
cavity. It can also lead to asbestosis, pleural plaques,
bronchogenic carcinoma (cancer of the cells lining the
bronchi or airways. It is the same as the lung cancer
that is common in smokers) or malignant mesothelioma
(an unusual tumor arising from the mesothelium lining
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the pleural space that is slow-growing and that does not
metastasize and is therefore well-advanced before diag-
nosis, which subsequently leads to a very poor progno-
sis) (Donaldson et al. 2013).

Fibers can provoke an inflammatory reaction, but
they can also directly trigger certain chemical proc-
esses. Acute or chronic inflammation is associated
with oxidative stress, and the production and release
of mediators, such as lysosomal enzymes. The body
reaction involves also production of intermediates of
arachidonic acid, glutathione S-transferases, proteases,
cytokines, growth factors, reactive oxygen species
(hydrogen peroxide, superoxide anion, hydroxyl rad-
ical) from pulmonary macrophages, neutrophils, and
other inflammatory cells. Reactive oxygen species can
also be produced in cell-free systems - as a direct
chemical reaction between fiber surface and extracel-
lular fluids (Osinubi, Gochfeld, and Kipen 2000).
Fibers stimulate the proliferation (rapid reproduction)
of epithelial or mesothelial cells and simultaneously,
during inflammation, some chemical mediators attract
fibroblasts2, which deposits in the lung parenchyma in
the area of the irritating fiber. Fibers and mediators of
the inflammatory reaction can also damage DNA
(genotoxic effect). The pathobiological processes can
culminate in the formation of fibrous tissue, which
normally occurs during wound healing (fibroplasia),
and abnormal (benign or malignant) tissue growth.

The reason the fibers manage to pass to the lower
parts of the airways is the fact that their aerodynamic
diameter dae can be very small although their length
can reach 30 or 50 mm. The equation that can be used
for calculation of the dae (for cylindrical fiber) was
derived by Griffiths and Vaughan (1986):

dae ¼ df
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where df is the physical diameter of the fiber, qf is the
fiber density, q0 is the density of water (standard dens-
ity), ba is the aspect ratio, i.e. the ratio of the length to
the diameter of the fiber, and v is the dynamic shape
factor, which is defined as the ratio of the drag force on
a non-spherical particle (in our case a fiber) and the
drag force of a volume-equivalent sphere.

A troublesome situation is induced by the dynamic
shape factor. Its value depends on the direction of the
fiber motion with respect to the major axis of the
fiber. Fuchs (1964) presented two equations, for paral-
lel and perpendicular motion, respectively:
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In the cases where a random orientation of fibers
can be expected, the following formula for the result-
ing dynamic shape factor is recommended (Kulkarni,
Baron, and Willeke 2011; page 511):
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Several papers (e.g. Balashazy et al. 2005; Mossman
et al. 2011; Shachar-Berman et al. 2019) suggest that
fiber alignment with the flow streamlines plays a cru-
cial role for deposition in human lungs and that there
is a tendency of symmetrical fibers to align with the
tube axis. Hence, parallel orientation can be expected
to be preferential in human airways, at least in loca-
tions with laminar flow. On the other hand, Kulkarni,
Baron, and Willeke (2011), page 528, points out that
the perpendicular orientation is dominant during
gravitational settling and acceleration for particle
Reynolds numbers 0.01<Rep < 100, and that fiber
motion is often treated as a combination of these two
cases. In short, there is no general rule that would
predict the number of fibers with parallel and perpen-
dicular orientation as a simple function of flow and
fiber characteristics. It should be noted that this infor-
mation is missing in models for prediction of depos-
ition sites of inhaled fibers (Farkas et al. 2019). To
improve the accuracy of such models, it is necessary
to supplement them with precise data on the orienta-
tion of fibers.

Despite the commonly shared notion (Kiasadegh
et al. 2020; Shanley and Ahmadi 2011; Zhang et al.
1996) that inhaled fibers travel with their main axis
aligned with the direction of the flow, the calculations
of Tian and Ahmadi (2013) and also our preliminary
experiments (Lizal et al. 2020a) have shown that every
bifurcation induces a sudden rotation (flip) of a sig-
nificant portion of fibers in the perpendicular orienta-
tion to the streamlines. Further evidence that will
elucidate what factors affect those flips is needed.

In general, three approaches are being used for the
calculation of the flow of fibers. The first one is an
application of an equivalent spherical particle with a
constant shape factor accounting for the deviation of2A cell in the connective tissue which produces collagen and other fibres.
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elongated particle from the ideal sphere. However,
this method does not solve the interaction between
fluid and fiber correctly (van Wachem et al. 2015)
and hence should not be used for precise calculations
in airways.

The second approach evaluates the position, rota-
tion, and velocity of each fiber while considering the
orientation and moment of inertia of each fiber. This
can be resolved by the discrete element method. The
complexity of this approach stems from the inter-
action of a fiber with a fluid. In a uniform flow a
sphere experiences only a drag force, whereas fiber is
also affected by a transverse lift force, a pitching tor-
que and a counter-rotational torque. Besides, all these
forces depend not only on the Reynolds number but
also on the angle between the axes of the fiber and
the direction of the flow. Moreover, the framework
for describing collisions requires a different approach
compared to the one used for perfect spheres, because
the orientation of the particle must be taken into
account (van Wachem et al. 2015).

Analytical solutions for calculations of forces and
torques were introduced for low Reynolds numbers
(below unity) and prolate ellipsoids by Brenner (1963)
and Jeffery (1922), respectively. Real fibers can be fre-
quently modeled also as oblate ellipsoids or cylindrical
fibers. The substitution for these ideal shapes simpli-
fies the solution for higher Reynolds numbers.
Determination of the drag force is based on the calcu-
lation of the drag coefficient. Many correlations were
proposed to calculate it precisely. Their list was given
in Zastawny et al. (2012).

A non-symmetric flow field creates a lift force on a
fiber not aligned with the flow. Its value can be calcu-
lated based on the lift coefficient, which can be deter-
mined e.g. from equation proposed by Mando and
Rosendahl (2010). The same authors proposed also
formulas for calculation of a pitching torque coeffi-
cient. The pitching torque is created when the center
of pressure of the total aerodynamic force acting on
the fiber does not coincide with the center of mass.
Rotation of fiber can be generated due to the pitching
torque and also by collisions with walls and sus-
pended particles. Rotation torque for rotations around
the axis of symmetry and around the axis perpendicu-
lar to the axis of symmetry can be calculated using
coefficients given by Zastawny et al. (2012), however,
they were calculated for axisymmetric particles in a
uniform flow.

To conclude, the calculations following the second
approach are extremely computationally demanding,
especially in complex turbulent flows.

A compromise and affordable approach is using
empirical correlations to modify the drag coefficient on
a sphere. Such calculation does not pursue accurate cal-
culation of all forces, however, may deliver sufficiently
precise results, providing the determination of drag coef-
ficients is properly addressed (Inthavong et al. 2008).
The ultimate goal of our work is to provide the ratio of
orientations of fibers that may be used for imposing the
appropriate drag coefficients. This article presents data
for steady conditions and centers of tubes.

A new experimental rig has been assembled to
allow visualization of the flow of micrometre-sized
glass fibers originating from commercially produced
glass wool, which is routinely applied for blown ther-
mal insulation of buildings. The test rig and results of
the visualization performed on a replica of the human
trachea and the first airway bifurcation are described
in this article. First, the visualization of the fibers in a
plain glass tube was performed and evaluated. Then
the same tube was supplemented with a replica of the
bifurcation and the visualization was performed
upstream and downstream of the bifurcation in two
observation planes in the center of the respective air-
ways. The results were statistically evaluated and the
geometrical configurations of inhaled fibers under
various conditions were analyzed. The answers to the
following questions were sought. Do fibers with a par-
allel orientation really prevail? Do they prevail in all
locations and under all conditions? Does the fraction
of parallelly and perpendicularly oriented fibers
change with Reynolds number? Does the fraction
change as a result of the flow through the bifurcation?
What is the effect of the physiological asymmetry of
the bifurcation on the fibers? Are the perpendicular
fibers rotated randomly in the plane perpendicular to
the streamlines?

Answers to the above-mentioned questions will
help us to improve the understanding of the motion
of inhaled fibers and to improve the computational
models. The ability to predict localized concentrations
of inhaled toxic fibers will provide decision-makers
with critical information to protect the safety of work-
ers and residents (Shanley et al. 2018).

2. Materials and Methods

2.1. Preparation and characterization of fibers

The glass wool SupafilVR Loft (Knauf Insulation GmbH,
Simbach am Inn, Germany) was used as a source of
fibers. A method for preparation of single fibers was
similar to Wang et al. (2008; 2005) and our previous
study (Belka et al. 2016). The wool has been
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disintegrated in a mechanical press to produce separate
fibers. The resulting fibers were rigid and mostly straight
(see Figure S5 in the supplement). Dimensions of fibers
were measured by phase-contrast microscopy using
Walton-Beckett graticule prior to mixing and dispersing.
The diameter of fibers was 3.8 ±1.4 mm and the length
was 34.1±19.0 mm. Then they were mixed with glass
beads (Ballotini impact glass beads, Potters Industries
Inc., Valley Forge, PA, USA) and sieved to deagglomer-
ate the fibers and produce a homogenous mixture suit-
able for dispersing the fibers. Fiber length was also
checked after dispersing. The fibers were collected
downstream of a charge neutralizer. Their length
changed to 37.1±20.9 mm after aerosolization and intro-
duction to the rig. The room air temperature during
experiments was 20 to 21 �C; hence the kinematic vis-
cosity used for calculation of Reynolds number was
1.5� 10�5 m2/s, and density was 1.21 kg/m3. The dens-
ity of glass is approximately 2500 kg/m3.

2.2. The experimental rig

The experimental rig (see Figure 1) consisted of a res-
ervoir of the mixture of glass beads and fibers (a hop-
per), a rotary feeder that provided a continuous
supply of the mixture to a fluidized bed disperser cre-
ated from an orbital shaker Wisd NM-10 (Witeg
Labortechnik GmbH, Wertheim, Germany) with an
extension of our design. Fibers were charge equilibrated
by 85Kr neutralizer NEKR-10 (Eckert & Ziegler CESIO,
Prague, the Czech Republic). The fibers then flowed
through a 1.5 m long glass tube to ensure the developed
flow and were visualized by a high-speed camera. The
tube was always in a horizontal position. The diameter
of the tube was 15mm, which approximately corre-
sponds to the diameter of the trachea (Lewis et al.
2005). The tube was then supplemented with a 3D
printed replica of the first airway bifurcation.

The angles of branching and diameters of the
daughter tubes were identical with the semi-realistic
geometry described in Lizal et al. (2012); see also
Figure 2. The complex asymmetrical shape of the
bifurcation extracted from the original CT of a
healthy human male was preserved. Since the current
experiment aimed solely on the influence of a single
bifurcation, care was taken to ensure identical condi-
tions downstream of the daughter branches. For this
reason, both daughter branches were created from
tubes of identical length and diameter. The asymmetry
of the 3D printed bifurcation had negligible effect on
the flowrate distribution between the branches. The
flowrate was measured with a digital flowmeter TSI
4040 (TSI, Shoreview, Minnesota, USA), and the dif-
ferences between the branches were within the meas-
urement error of the instrument. The camera was
always focused on the main axis of the tube and
aligned in such a way that the main axis was posi-
tioned horizontally in the images. The flow was
induced by a vacuum pump (Busch PA0008C, Busch
Vakuum s.r.o., Brno, the Czech Republic).

A high-speed camera Photron SA-Z was used to
inspect the fiber flow inside the glass tubes. The long-
range microscope lens 12X Zoom (NAVITAR, New
York, USA) composed of 2X F-mount adapter (type 1-
62922) and 12mm F.F zoom lens (type 1-50486) pro-
vided images with a spatial resolution of 1.5lm per
pixel. The maximal dimensions of the image were
1.5� 1.5mm for 1024� 1024 px. The depth of field
was approx. 0.1mm. The flow was illuminated by a
pulse LED light model HPLS-36DD18B (Lightspeed
Technologies, USA). Since a wide range of flow rates
was used, the camera resolution and frame rate were
changed in accordance with Table 1. Similarly, the light
pulse duration varied in a range from 400-800 ns.

The flowrates were selected to cover the range
from laminar to turbulent flow (Table 2). The max-
imum flowrate was limited by the technical properties
of the camera and light; the minimum flowrate was
limited by the low concentration of fibers. The follow-
ing cases were measured: First, a simple straight tube
20mm upstream of the end of the tube. Second, the
same tube extended by the bifurcation measured
5mm upstream of the bifurcation. Third, in the left
main bronchus 10mm downstream of the bifurcation
and fourth, in the right main bronchus 10mm down-
stream of the bifurcation (for indication of the meas-
uring sites see Figure 2. A file with an exact digital
copy of the geometry suitable for numerical simula-
tions can be found as a supplemental file). All the
above mentioned measurements were performed in

Figure 1. A scheme of the experimental rig for visualization of
the flow of glass fibers in a replica of the human trachea and
the first bifurcation.
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the axis of the respective tube. Measurement at each
point was performed in two planes: in the coronal
plane (left-right direction, when the camera was posi-
tioned in the front of the model) and in the sagittal
plane (front-back direction, when the camera was
observing the model from the side). At least two
recordings were performed for each setting. A sample
of the raw recording can be found in the supplemen-
tary data (fibers_flow.avi).

To acquire a notion about the differences that can
be expected in off-axis regions, an additional measure-
ment was performed in the position 0.6R from the
center of a tube upstream of the bifurcation. This
location has been selected because Segr�e–Silberberg’s
theory (Segre and Silberberg 1961) predicts an accu-
mulation of particles there during laminar flow.

The fibers appearing as horizontal in the images are
parallel to the flow, the fibers recorded as vertical are
perpendicular to the flow streamlines. Only fibers with
either a horizontal or vertical orientation were observed
(in other words, as expected, there were no fibers with
an orientation different from simply parallel or perpen-
dicular – except for the instants of flipping).

Just one configuration of a parallel orientation of
fiber to the streamlines was expected and observed
(the current setup naturally cannot resolve a possible
rotation of the fiber about its main axis, see Figure 3).
On the contrary, the perpendicular fiber can be in any
random orientation in the plane perpendicular to the
streamline. As only a single camera was used, the only
effect the rotation of the fiber in the plane perpen-
dicular to the streamline (and at the same time per-
pendicular to the observation plane) would have is
changing the length of the fiber in the image. In a

limiting case, the perpendicular fiber might appear as
a “dot” with the size of the fiber diameter. Such fibers
were indeed observed, but they had to be excluded
from the evaluation as such objects do not fulfill the
criteria of fiber (length to diameter ratio at least 3)
and thus cannot be distinguished from any other non-
fibrous particles. The number of all such objects was
less than 3% of the total number of fibers, and hence
their neglection did not compromise the statistics.

In the above text, we use the usual convention of
linking the parallel or perpendicular orientation with
streamlines. In our case, however, the actual information
about the streamlines was not available. Therefore, dur-
ing our evaluation, the orientation of the fiber was
related to the image frame (which, as noted above, was
aligned with the axis of the respective airway tube).

2.3. The image processing software

The high-speed camera recordings were analyzed by an
in-house software Fiber Analyzer. It is a second gener-
ation of the software which was originally developed for
automated counting of fibers deposited on filters photo-
graphed with a phase-contrast microscope. A full
description of the original version was given in (Belka
et al. 2016; �Starha et al. 2013). In brief, the analysis pro-
ceeded with the following sequence of steps. First, the
contrast between fibers and background was enhanced
by the Adaptive Contrast Control method. It calculated
an equalization function using values of pixel brightness
in the neighborhood of each pixel. An adaptive radial
convolution filter was then applied. It differs from the
classic radial convolution filter which would suppress
both additive noise and fiber edges, thus leading to

Figure 2. A visualization of the replica of the first bifurcation with indication of the measuring cross-sections.
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distorted fiber detection during thresholding. Therefore,
the adaptive filter applied a weight function which
caused the radial filter to prefer certain directions more
than others. The direction of fiber edges was recognized
using a stochastic approach. In the next step, the objects
captured in the images were detected by thresholding.
Consequently, the fibers were classified based on their
shape characteristics described by moment invariants.
All non-fibrous objects were excluded from the selec-
tion. Finally, the fibers were transformed into digital
lines, and dimensional characteristics of each detected
fiber were stored.

The original software has been adapted for applica-
tion on high-speed camera images. Its latest version
uses a modified method of obtaining a calibration
image for correction of the background inhomogen-
eity. This process is essential because a high-speed
camera uses a very short exposure time. For this

reason, the images contain a large amount of additive
noise and the signal-to-noise ratio is very low. The
original method for increasing the contrast of
observed objects and subsequent filtering of additive
noise (�Starha et al. 2013) sufficiently suppresses the
background inhomogeneity. However, it is extremely
time-consuming and hence not suitable for series of
ten thousands of images produced by a high-speed
camera. It also enhances the image noise.

In order to prevent the generation of additive noise
in the processed images, it was necessary to prepare a
calibration image of the background inhomogeneity
with the lowest possible noise level. The background
inhomogeneity correction is based on the application
of a flat field image. It is a background image without
an object (in common situations created from images
either before or after observing the object). In our
case, however, the background properties change over
time3, which significantly complicates the calibration.
Therefore, the flat field image must be created from
images containing the observed objects.

Because the observed objects move, it is possible to
obtain the flat field image from adjacent images of the
analyzed image. Let’s assume that the analyzed image
is number 17. Then images number 1-8 and 26-33 are
used for flat field image preparation. Images number
9-16 and 18-25 cannot be used because pixels contain-
ing the fibers overlap and that would create an
unwanted trace of fibers in the resulting flat field. At
first the part of the image that is free of the observed
objects must be segmented. For this purpose, an auxil-
iary median image is calculated for each source image.
The motivation for using the median grounds from
the fact that additive noise is expected to have
Gaussian probability distribution N(0, r2), and the
median is more robust to deviated pixel values than
the mean. The median image is subtracted from each
source image and the subsequent segmentation is per-
formed by thresholding. The so conditioned images
are then used for the flat field image preparation. The
algorithm proceeds by pixels and for each calculates

Table 1. An overview of the camera and light settings for all measured flowrates.
Flow rate [l/min] Image resolution (w� h) [px] Frames per second [1/s] Light pulse duration [ns]

2 l/min 1024� 1024 5000 800
6 l/min 1024� 1024 20000 800
12 l/min 1024� 1024 20000 800
24 l/min 512� 1024 35000 600
36 l/min 512� 712 50000 500
48 l/min 512� 512 60000 400

Figure 3. An illustration of possible rotations of fibers parallel
and perpendicular to the streamlines. Rotation (rolling) of both
fibers about the main axis cannot be registered by the current
system. The rotation of the parallel fiber about axes z and y
could be easily recognized directly from the images, but the
rotation of the perpendicular fiber about the axis x cannot be
recognized from a single camera recording. Such a rotating
fiber would appear shorter, but as the true length of that spe-
cific fiber is not known, no conclusions can be drawn from the
observation of a single fiber. Statistical analysis was used to
reveal whether the fiber lengths differed in the two observa-
tion planes, which would indicate a possible preferential rota-
tion of the perpendicular fibers.

3Even small changes in the tube position, caused e.g. by vibrations of
floor, slightly change the path of light. This fact, together with the low
number of greyscale levels, causes small changes of the background.
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the arithmetic mean of all the respective pixels that do
not contain the observed object in the available source
images. The resulting pixels of the flat field image are
created from a different number of source pixels.
However, if a sufficient number of source images are
available and the observed object moves fast, this fact
does not significantly influence the resulting back-
ground image.

When the calibrated flat field image is finally available,
it is possible to use the standard image processing tools,
i.e. fiber identification and subsequent object analysis.

The fiber characteristics that were extracted from
the recordings by the Fiber Analyzer software and
evaluated were: orientation of the fibers at the inlet
and outlet, trajectories, coordinates, flip directions
(parallel to perpendicular orientation, or vice versa),
and fiber lengths.

3. Formulations of statistical hypotheses

Since the concentrations of fibers in the visualization
window was varying for different locations and bound-
ary conditions, and also in time, it was useful to employ
statistical tools to evaluate the frequency and coherence
of the observed phenomena and their statistical signifi-
cance. The following statistical hypotheses were formu-
lated to answer the questions raised in the Introduction.

3.1. The statistical test applied to the fibers in the
straight tube

As mentioned above, several publications on the
deposition of fibrous aerosols in human lungs
(Balashazy et al. 2005; Mossman et al. 2011; Shachar-
Berman et al. 2019) state that the fibers penetrate
deep into the alveoli due to their ability to align with
the flow streamlines. Therefore, it seems logical to for-
mulate a hypothesis that more than 50% of inhaled
fibers are oriented parallel to the streamlines. The fol-
lowing statistic was used to test the hypothesis. The
analysis was first performed in the simplest cases - a
plain tube without and with the bifurcation.

3.1.1. Prevailing orientation of fibers in the straight
tube and the trachea upstream of the bifurca-
tion (test 1)

The random variable X describing the number of par-
allelly oriented fibers is expected to have Bernoulli
distribution Bernoulli (p), where the parameter p is
the probability of parallel fiber orientation. The null
hypothesis H0: p� 0.5, i.e. Parallelly to perpendicularly
oriented fibers ratio is higher than 1:1, is tested at the

significance level a¼ 0.05. The following test statistic
is used.

T1 ¼
X
n � pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p 1� pð Þp ffiffiffi

n
p

, (5)

T1 is the value of the test statistic, and n is the total
amount of measured fibers. For the given significance
level a, a test interval is W 0:05 ¼ h�1:645,1Þ and if
T1 2 Wa

, the null hypothesis is not rejected.

3.2. Statistical tests applied on the fibers in the
airway replica

3.2.1. Evaluation of prevailing parallel orientation
among fibers incoming and leaving the visu-
alization region (test 2)

The second test was performed at recordings down-
stream of the bifurcation (the reason is that there were
no differences in orientation of incoming and outgoing
fibers upstream of the bifurcation). In agreement with
the observation of the fibers, where again only the paral-
lel with the streamlines (in images appearing as horizon-
tal) or perpendicular (i.e. vertical) orientation had been
recorded, a Bernoulli distribution was assumed again.
The second test uses the same test statistics T2 ¼ T1
and the same null hypothesis. The complement of the
critical region is Wa ¼ h�u1�a,1Þ, i.e. again W 0:05 ¼
�1:645,1h Þ: If T2, in,T2, out 2 W a, then the hypothesis
is not rejected at the significance level a.

A different test was used to check the hypothesis
that the fibers switch from a perpendicular to parallel
orientation within the measuring window downstream
of the bifurcation.

3.2.2. A difference in the fraction of horizontally ori-
ented fibers between the inlet and outlet of
the measuring window (test 3)

Either the test of equality of # at the inlet and outlet
could have been performed, or (which we assumed to
be a better idea) # at the inlet and outlet could be
compared to confirm the tendency of fibers to orient
in a specific direction.

As in the previous tests, let us assume that fibers at
the inlet (X) and outlet (Y) are both random samples
from Bernoulli distribution, i.e. X � A hxð Þ, Y �
AðhyÞ, as only two types of orientation (parallel or
perpendicular) are possible. As the previous test
rejected the null hypothesis about predominant paral-
lel orientation at the inlet in the right main bronchus
and did not reject the same hypothesis at the outlet,
the following hypothesis is tested for all regimes: the
fraction of parallelly oriented fibers at the inlet is
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higher than at the outlet. The corresponding test stat-
istic is used:

T3 ¼
#x � #yffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f � ð1� f Þ

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n1 � n2
n1 þ n2

r

where f ¼ xþy
n1þn2

; #x,#y are sample means, i.e. #x ¼
x
n1
, and #y ¼ y

n2
, where x and y are the numbers of

parallelly oriented fibers at the inlet and outlet,
respectively. In our case, n1 ¼ n2 because there is the
same total number of fibers at the inlet and outlet.

For the hypothesis H0 : #x � #y, the complement

of the critical region is W a ¼ �1, u1�að i, i.e.

W 0:05 ¼ ð�1, 1:645i: A condition of ni#ið1� #iÞ >
9, i ¼ x, y was satisfied for all regimes except one
(only 36 fibers were recorded there).

3.2.3. Statistical significance of the differences
between the fractions of parallelly oriented
fibers at the inlet and outlet (test 4)

To gain even stronger evidence that fibers indeed
switch from perpendicular to parallel orientations
downstream of the bifurcation, an additional test was
prepared to verify that the differences in numbers of
parallelly oriented fibers at the inlet and outlet are
statistically significant.

The fourth test is similar to the previous one: it
uses the same test statistics T4 ¼ T3, but a different
null hypothesis has been formulated. Let the null
hypothesis be H0 : #x ¼ #y or in other words, that the
fractions of parallelly oriented fibers at the outlet and
inlet are identical. The alternative hypothesis is then
HA : #x 6¼ #y: In the case of rejection of the null
hypothesis, we will not only get the information that
the fractions are not equal but also that their difference
is statistically significant. The complement of the
critical region is Wa ¼ �u1�a=2, u1�a=2h i; i.e. W 0:05 ¼
�1:96, 1:96h i: If T4 2 W 0:05 then the null hypothesis
is not rejected at the significance level a¼ 0.05.

3.2.4. Orientation of the perpendicular fibers rotated
in the plane perpendicular to the streamlines
(test 5)

The fifth test is based on the assumption that the pos-
sible rotation of a fiber appearing as perpendicular in
the plane perpendicular to the streamlines would
result in a change of the length of such fiber in the
image. As already mentioned, the maximum length
would correspond to the fiber perpendicular to the
camera and would decrease as the fiber rotates along
the streamline (see Figure 3).

It should be noted that the length of the fiber
extracted from the images cannot be automatically
accepted as equivalent to the actual length of the fiber.
The reason is that some fibers were slightly out of
focus but still within the depth of field. The same
fiber positioned either in the optimal focus or slightly
out of it would produce somewhat different length
after the image processing and evaluation.
Nonetheless, considering that there were hundreds of
fibers recorded, we assumed that comparison of
median lengths would be reasonable, as the distribu-
tion of positions of fibers within the depth of field
should be the same for all cases.

Since the probability distribution of orientation of
perpendicular fibers in the plane perpendicular to the
streamlines is not known and we can only assume
that it is to some extent random, a nonparametric test
of medians is required. Mann Whitney U Test (known
also as Wilcoxon Rank Sum Test) seems to be a suit-
able tool. To acquire information on the possible rota-
tion of perpendicular fibers, lengths of parallel and
perpendicular fibers were compared within a single
plane. This analysis presumes that the parallel and
perpendicular fibers have the same actual length. The
test was performed at first on the aggregated data in
coronal and sagittal planes, and consequently on the
separate locations.

4. Results and discussion

The recordings confirmed that, in agreement with
expectations, only parallel or perpendicular fibers
were present within the whole range of flow Reynolds
(190 to 4500) and particle Reynolds numbers (0.08 to
1.81) in all locations. No flips from parallel to perpen-
dicular orientation or vice versa were observed in the
straight tube and the tube upstream of the bifurcation.
Fibers with parallel orientation slightly prevailed there,
and this condition seemed to be more frequent in the
tube supplemented with the bifurcation (in compari-
son with the simple straight tube). The trajectories
were straight lines with rare intersections.

On the contrary, many flips from parallel to per-
pendicular orientation were observed downstream of
the bifurcation. The bifurcation obviously induced a
change in the fraction of parallelly and perpendicu-
larly oriented fibers. Significant differences were found
between the left and right main bronchus, as a result
of the physiological asymmetry of its shape, although
the diameter and length of the daughter branches
were identical. Yet, the differences in the shapes and
branching angles of the left and right side of the 3D
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printed realistic bifurcation (see Figure 2 and the
STEP geometry in the supplement) resulted in notice-
able differences between the daughter branches. There
were frequent intersections of trajectories and a com-
bination of straight and curved courses was recorded.

4.1. Fibers in the straight tube and the trachea
upstream of the bifurcation– prevailing
orientation of fibers (test 1)

The above-mentioned test statistics T1 was evaluated
for varying flow rates. The condition of having at least
30 recorded fibers (n� 30) was valid for all studied
cases. The following tables present the data and results
of the statistical analysis for measurements in the sim-
ple straight tube and the tube upstream of a bifurca-
tion and in the position 0.6R from the center of a
tube with bifurcation (Table 2).

The column with values of the T1 test statistics
shows that the null hypothesis (that there is more
than 50% of parallelly oriented fibers) for any of the
given flow rates in the simple straight tube could not
be rejected at the significance level a.

Similarly, even for the straight tube equipped with
the bifurcation (simulation of the trachea), the null
hypothesis was not rejected (see Table 2). The parallel
orientation seems to be slightly more frequent (it is
confirmed by the higher value of the test statistics T1)
compared to the simple straight tube.

The null hypothesis was not rejected for any of the
flow rates also in the position 0.6R from the center of
a tube with bifurcation. Fluctuation of values among
flow rates in this point indicates that the flow of fibers
is less stable in off-axis regions.

In short, the results of the first test mean that the
hypothesis about prevailing parallel fibers might be
valid, nonetheless, the parallel orientation is less dom-
inant than expected.

Consequently, the ratio of the number of parallelly
and perpendicularly oriented fibers (njj/n⟂ ratio) was
calculated for each flowrate and plotted against the
flow Reynolds number (see Figure 2). There was no
significant influence of the flow Reynolds number

within the measured range on the orientation of the
fibers (the possible tendency of njj/n⟂ ratio to
decrease in the laminar regime is within the standard
deviations). Figure 4 also may be interpreted in the
way that the parallel orientation might be more fre-
quent in the tube with the bifurcation. However, the
differences were within standard deviations, and hence
statistically insignificant for the current dataset.

4.2. Statistical tests applied on the fibers in the
airway replica

4.2.1. Prevailing parallel orientation among fibers
incoming and leaving the visualization region
(test 2)

The second test was first applied separately for each
camera view and regime (Table 3). The null hypoth-
esis was rejected only in the right main bronchus and
mostly only in the sagittal plane of observation.
Consequently, the data for both views for the same
regime were aggregated and the test was repeated for
the aggregated datasets (see Table 4). The results
showed that perpendicular orientation prevailed at the
inlet of the measuring plane in the right main bron-
chus. In all other cases, parallel orientation was
more frequent.

The second test suggests that the bifurcation indeed
causes flipping of significant number of fibers into
orientation perpendicular to the streamlines. It should
be noted that the location of the measuring window
downstream of the bifurcation was not motivated by
an effort to target the location where parallel fibers
would dominate again. Presumably, the fibers had
been flipping all the way down from the bifurcation.
It would be beneficial to have a more detailed map-
ping of the whole path and to describe the process in
greater detail; nonetheless, even the data acquired in a
single observation window in each daughter branch
yield interesting results. The previous test examined
whether the parallel fibers dominate at the inlet and
outlet of the measuring window. However, in order to
test the hypothesis that the fibers indeed switch to a
parallel orientation within the measuring window

Table 2. Results of the measurement and statistical analysis in the center of simple straight tube, center of a tube with bifurca-
tion and in the position 0.6R from the center of a tube with bifurcation.

Center of a straight tube Center of a tube with bifurcation Position 0.6R from the center of a tube with bifurcation

Flow rate Ref Rep njj n⟂ T1 H0 njj n⟂ T1 H0 njj n⟂ T1 H0
2 l/min 189 0.08 95 74 1.62 � 27 33 �0.77 �
6 l/min 566 0.23 138 116 1.38 � 153 119 2.06 � 35 25 1.29 �
12 l/min 1132 0.45 226 194 1.56 � 34 26 1.03 �
24 l/min 2264 0.91 392 352 1.50 � 182 142 2.22 � 29 31 �0.26 �
36 l/min 3395 1.36 146 116 1.85 � 155 115 2.43 � 36 24 1.55 �
48 l/min 4527 1.81 216 179 1.86 � 33 27 0.77 �
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downstream of the bifurcation, a new test statistic had
to be established.

4.2.2. Test 3 - A difference in the fraction of paral-
lelly oriented fibers between the inlet and out-
let of the measuring window

As can be seen from Tables 3 and 4, the third test sup-
ported our expectation that there probably is a tendency
of fibers to change from the perpendicular to parallel
orientation, i.e. from perpendicular to parallel to the
flow. That tendency does not depend on the number of
fibers at the inlet, flowrate or branch (left or right main
bronchus). This statement is based on the fact that the
null hypothesis was not rejected for any of the regimes.
However, to prove that the tendency was not caused by
accidental factors, and to gain even stronger evidence,
the fourth test was prepared to verify that the differences
in numbers of parallelly oriented fibers at the inlet and
outlet are statistically significant.

4.2.3. Test 4 – Statistical significance of the differen-
ces between the fractions of parallelly ori-
ented fibers at the inlet and outlet

Table 3 shows also that the fraction of parallelly ori-
ented fibers increased. However, the difference was
not statistically significant in most of the regimes (the
null hypothesis was not rejected). The four rejections
in the right main bronchus suggested that there had
been a difference between the branches. This was fur-
ther supported by the aggregated data (Table 4),
where data for both observation planes for the same
location and regimes had been summed. We can con-
clude that fibers in the right main bronchus have a
strong tendency to switch from perpendicular to par-
allel orientation. We cannot assert that the same does

not happen in the left bronchus - test 3 proved it
does happen, but the changes are so slow that they
are not statistically significant.

4.2.4. Orientation of the perpendicular fibers rotated
in the plane perpendicular to the streamlines
(test 5)

4.2.4.1. Length of parallel and perpendicular fibers
in the coronal planes. The median of the length of
perpendicular fibers in the coronal plane was 29.54 px,
the median of the length of parallel fiber was 29.46 px
and the p-value of the Mann Whitney U Test was
p¼ 0.06, hence p> a and the null hypothesis was not
rejected. It suggests that most of the perpendicular fibers
are rotated perpendicularly to the camera.

4.2.4.2. Length of parallel and perpendicular fibers
in the sagittal planes. The medians of the length of
fibers in the sagittal plane were 23.21 px and 24.47 px
for perpendicular and parallel fibers, respectively. In this
case, the p-value of the Mann Whitney U Test was
p¼ 0.04, hence p< a, and hence the null hypothesis
about equality of lengths was rejected at the significance
level a¼ 0.05. This result might be interpreted as an
indication that the perpendicular fibers do tend to rotate
and align to the coronal plane preferentially.

The current test was performed at first on aggre-
gated fibers from all locations and all regimes. It
seems logical to expect that the alignment of perpen-
dicular fibers depends on the location, therefore a
more detailed test was performed for each measuring
location. The results are summarized in Table 5.

4.2.4.3. Evaluation of the length of parallel and per-
pendicular fibers in separate locations. Only the
sagittal plane had been recorded in the simple tube
without the bifurcation and in the tube upstream of
the bifurcation. When these two cases were compared,
the null hypothesis was not rejected in the former
case, but was rejected in the latter case (see Table 5).
This suggests that the attachment of the bifurcation
caused the fibers to be preferentially aligned into the
coronal plane. In other words, it seems that the fibers
flowing parallel to the streamlines tend to rotate to
the plane of the bifurcation. The results in both
daughter branches were similar. There was negligible
difference in the lengths of parallel and perpendicular
fibers in coronal planes (the null hypothesis had not
been rejected), while significant difference was found
in sagittal planes (rejection of the null hypothesis).
Surprisingly, however, the perpendicular fibers were
longer than the parallel ones. Obviously, our original

Figure 4. The ratio of parallelly and vertically oriented fibers
as a function of the flow Reynolds number. The error bars rep-
resent standard deviations.
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assumption that perpendicular fibers would always be
shorter than parallel ones is not valid there. One pos-
sible explanation may be that because the camera was
aligned with the axis of the tube (and not the stream-
lines), the actual plane in which the fibers flew was
different from the plane of visualization. Such inclin-
ation of fibers would influence the apparent length of
the parallel fibers more than the length of perpendicu-
lar fibers. In a limiting case it would be possible for
the fiber flow plane to cross the visualization plane to
such an extent that a notable number of fibers would
come out of the depth field and some fibers would
appear and disappear within the imaged plane. Such
disappearing fibers were indeed observed in the right
branch (see the trajectories in Figure 5).

The second possible explanation - by a rotation of
parallel fibers about axes y and z (see Figure 3) was
immediately ruled out, as it was not observed in either
plane. A third explanation might be that optical dis-
tortions caused by the cylindrical glass wall of the
tube caused polarization effects that might have
affected the parallel and perpendicular fibers differ-
ently. Nonetheless, this hypothesis fails to explain why
such an effect would be apparent only in the sagittal
and not in the coronal plane.

In summary, the Mann Whitney U test revealed
statistically significant differences between the length

of the perpendicular and parallel fibers in sagittal
planes. This does not necessarily mean that there is
an inclination of the fibers flowing perpendicular to
the streamlines to turn into the coronal plane, but
this hypothesis remains sound. It is obvious that some
other effects were involved, and hence it is important
to perform additional tests to reveal the true nature of
the observed events.

4.2.4.4. Flipping of fibers. An interesting insight into
the nature of the flow of fibers through a bifurcation
brings Table 6 displaying a number of flips in the
daughter branches. A flip is defined as a rapid switch
of fiber from the perpendicular to parallel orientation
or vice versa. In one case a 180� flip from perpendicu-
lar to perpendicular orientation within the visualiza-
tion window was observed. No 180� flip from parallel
to parallel orientation was recorded. Obviously, there
were significantly more flips from perpendicular to
parallel orientation (which had already been proved
by the above presented statistical analysis). Flips from
parallel to perpendicular orientation were observed
only for higher Reynolds numbers. There was a not-
able difference between the left and right daughter
branches in the case of perpendicular to parallel flips.
In the right branch in both visualization planes, these
flips were more frequent for low Reynolds numbers.

Table 3. Results of the statistical test on the prevalence of parallel fibers at the inlet and outlet of the measuring window (T2),
on the difference in the fraction of parallelly oriented fibers between the inlet and outlet of the measuring window (T3), and on
differences between the fractions of parallelly oriented fibers at the inlet and outlet (T4). Calculated at separated locations, flow-
rates and views.

Branch Plane Flowrate (L/min) #

Inlet orientation Outlet orientation Inlet Outlet

T3 H0 T4 H0njj n⟂ njj n⟂ T2,in H0 T2,out H0

Left Cor. 6 52 27 25 30 22 0.28 � 1.11 � �0.59 � �0.59 �
24 60 29 31 34 26 �0.26 � 1.03 � �0.91 � �0.91 �
36 60 29 31 30 30 �0.26 � 0.00 � �0.18 � �0.18 �

Sag. 6 60 36 24 38 22 1.55 � 2.07 � �0.38 � �0.38 �
24 60 32 28 40 20 0.52 � 2.58 � �1.49 � �1.49 �
36 60 32 28 32 28 0.52 � 0.52 � 0.00 � 0.00 �

Right Cor. 6 60 20 40 41 19 �2.58 ✘ 2.84 � �3.83 � �3.83 ✘
24 60 28 32 35 25 �0.52 � 1.29 � �1.28 � �1.28 �
36 60 26 34 30 30 �1.03 � 0.00 � �0.73 � �0.73 �

Sag. 6 60 17 43 46 14 �3.36 ✘ 4.13 � �5.30 � �5.30 ✘
24 60 20 40 39 21 �2.58 ✘ 2.32 � �3.47 � �3.47 ✘
36 60 19 41 33 27 �2.84 ✘ 0.77 � �2.58 � �2.58 ✘

Table 4. Results of the statistical test on the prevalence of parallel fibers at the inlet and outlet of the measuring window (T2),
on the difference in the fraction of parallelly oriented fibers between the inlet and outlet of the measuring window (T3), and on
differences between the fractions parallelly oriented fibers at the inlet and outlet (T4) – aggregated views.

Branch Flowrate (L/min) #

Inlet orientation Outlet orientation Inlet Outlet

T3 H0 T4 H0njj n⟂ njj n⟂ T2,in H0 T2,out H0

Left 6 112 63 49 68 44 1.32 � 2.27 � �0.68 � �0.68 �
24 120 61 59 74 46 0.18 � 2.56 � �1.69 � �1.69 �
36 120 61 59 62 58 0.18 � 0.37 � �0.13 � �0.13 �

Right 6 120 37 83 87 33 �4.20 ✘ 4.93 � �6.46 � �6.46 ✘
24 120 48 72 74 46 �2.19 ✘ 2.56 � �3.36 � �3.36 ✘
36 120 45 75 63 57 �2.74 ✘ 0.55 � �2.34 � �2.34 ✘
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On the contrary, a much lower number of flips was
observed and the dependence on Reynolds number
was not clear in the left branch. The last two columns
in Table 6 show the ratio of the number of parallel
and perpendicular fibers. The term “inlet” here means
the instant of the first detection of a fiber in the
recording and “outlet” the last detection of the same
fiber. It should be noted that the last two columns
originate from the automated tracking algorithm, but
the flips were detected manually by the operator. The
automated detection always tracked at least 60 fibers
for each regime. The number of manually recorded
fibers is in the table. Finally, it should be emphasized
that not all fibers were tracked over the whole length
of the visualization window. Some fibers appeared
later or disappeared earlier (they entered the visualiza-
tion area later or left earlier due to the difference
between the angles of the tube main axis and the flow
streamlines), as can be seen from the tracked trajecto-
ries in Figure 5.

Figure 5 shows the tracked trajectories from a sin-
gle recording at flow Reynolds number of 3400 in the
left and right main bronchus, respectively, in the cor-
onal plane (the remaining trajectories can be found in
the supplement). The asterisks denote flip from per-
pendicular to parallel orientation, the circles the
opposite flip. It is obvious that the flow in the right
main bronchus is more turbulent than in the left. The
trajectories upstream of the bifurcation were simple
straight lines with no flips.

It is known that especially the area on the right
main bronchus represents a challenge even for numer-
ical simulations of flow, because of the high kinetic
energy between the separated shear layer and the
recirculation zone (Koullapis et al. 2018). The asym-
metry of first airway bifurcation and its influence on
the flow in right main bronchus was observed also by
Banko et al. (Banko et al. 2015) or Grosse (Große
et al. 2007). The fibers are influenced by the unstable
flow and some of them are carried away which results

in variable trajectories. It should be kept in mind that
both figures show a “condensed” view of trajectories
that were recorded in a longer time range. The
appearance of fiber in the high-speed camera record-
ing is a relatively rare occasion. Therefore the flow
field changes in the meantime before the next fiber
enters the same area and hence the new fiber follows
a different trajectory.

4.3. Limitations of the study

In this study, we tried to clearly define the boundary
conditions to facilitate simulation of the identical con-
ditions by computational fluid dynamics (CFD). For
this reason, the 1.5 m long glass tube was used as an
entrance section to ensure a fully developed flow.
Nonetheless, the upper airways and glottis are known
to generate turbulent fluctuations that persist to the
end of the trachea and induce turbulent flow,
although the flow Reynolds number is below the crit-
ical value (Lizal et al. 2020b). Our current results need
to be supplemented with a follow-up study which will
include the upper airways effects. Similarly, more
detailed spatial mapping needs to be performed espe-
cially downstream of the bifurcation. Close attention
should be paid to the near-wall area and the effects of
the boundary layer. Currently, the effects of realistic
inhalation patterns are being studied and the data is
being collected.

The possible influence of gravitational sedimenta-
tion was considered. The residence time within the
measuring volume was 0.3 to 8ms depending on the
flow rate, the settling velocity was 4mm/s. Hence
gravitational sedimentation had a negligible effect on
the results.

The analysis of the orientation of fibers would be
much easier if the fibers could be observed from both
visualization planes simultaneously. However, this task
is hardly feasible, as two identical high-speed cameras
and complex illumination technique ensuring identical

Table 5. Results of the statistical test on the equality of the length of the fibers with parallel and perpendicular orientation -
separated locations, and views.

Orientation of fibers # of fibers Median of length Wilcoxon rank-sum test

Straight tube - sagittal Parallel 1407 36.9 p-value: 0.60070
H0: Not rejected �Perpendicular 1218 36.8

Upstream of the bifurcation – sagittal Parallel 490 34.5 p-value: 2.2523E-10
H0: Rejected ✘Perpendicular 376 29.9

Downstream of the
bifurcation

Left Coronal Parallel 123 29.3 p-value: 0.28965
H0: Not rejected �Perpendicular 124 29.8

Left Sagittal Parallel 99 19.4 p-value: 4.65E-06
H0: Rejected ✘Perpendicular 71 23.8

Right Coronal Parallel 61 31.0 p-value: 0.56325
H0: Not rejected �Perpendicular 60 29,1

Right Sagittal Parallel 35 25.9 p-value: 0.00388
H0: Rejected ✘Perpendicular 38 30.1
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light conditions for both instruments would be
needed. But more importantly, as the microscope
objectives have a relatively low depth of field, the
visualization volume is extremely small. Consequently,
a flight of fiber through such a crosssection of the
visualization planes would be an extremely rare occa-
sion even for very high concentrations of fibers.
Scaling of the whole airway replica would solve part
of the above-mentioned problems, but keeping the
dimensionless numbers equal to the real case while
still using fibers suspended in the air would lead to an
inextricable problem.

As noted earlier, the orientation of fibers was
related to the image frame and not streamlines. The
streamlines are curves constructed as tangents to the
velocity vector in each point. The situation would be
easy for steady flow conditions. In such a case path-
lines (i.e. trajectories of centers of each fiber) could be
used as indications of streamlines. However, the air
flow in our case, especially in daughter branches, is
not steady, because the bifurcation induces flow insta-
bilities due to the swift changes of the geometry from

the parent to daughter branch. Hence the pathlines
and streamlines are not identical. Also, as noted ear-
lier, fibers were recorded within a certain depth of
field and therefore the pathlines in different depths
would be displayed in the resulting 2D images without
the possibility to discriminate between them. Hence,
although the rotations of fibers evaluated with respect
to the image frame (which was always aligned with
the main axis of the respective mother or daughter
tube) do not necessarily represent the orientation to
the real streamlines, they can be easily used for com-
parison of various flow regimes and boundary condi-
tions on the behavior of flowing fibers. From this
point of view, the fact that only two orientations (par-
allel or perpendicular) are observed, is favorable.

The precise evaluation of length of fibers is limited
by the depth of field. Fibers out of the optimal focus
appear shorter. The depth of field is determined by
the subject distance, the lens focal length, and the lens
relative aperture. For the given camera sensor size
(20,48� 20,48mm) and the required image spatial
resolution (1,3 mm/pix), the depth of field can be

Table 6. Overview of flips observed in all measured locations and views.

Branch
Observation

plane
Total # of

recorded fibers Local Ref
Perp. -> Paral. Paral. -> Perp. Perp. -> Perp.

Flip 90� Flip 90� Flip 180� inlet njj/n⟂ ratio outlet njj/n⟂ ratio

Left Coronal 110 393 2.7% 0% 0% 0.9 1
400 1572 6.3% 1.3% 0% 0.9 1.1
150 2358 6.7% 3.3% 0% 0.9 1

Sagittal 192 393 1.0% 0% 0% 1.5 1.7
200 1572 5.0% 0% 0% 1.1 2
200 2358 2.5% 1.5% 0% 1.1 1.1

Right Coronal 200 393 40.5% 0% 0% 0.5 2.2
199 1572 26.6% 0% 0% 0.9 1.4
101 2358 6.9% 4.0% 0% 0.8 1

Sagittal 200 393 45.5% 0% 0% 0.4 3.3
200 1572 33.0% 0% 0% 0.5 1.9
93 2358 31.2% 18.3% 1.1% 0.5 1.2

Figure 5. Trajectories of fibers for Reynolds number of 3400 in the left and right main bronchus, respectively, in the coronal plane.
The asterisks denote flip from perpendicular to parallel orientation, the circles the opposite flip.
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controlled only by changing the lens aperture.
However, reducing the lens aperture (increasing f-
number) reduces the amount of collected light, which
severely reduces the contrast of fibers in the image.
Moreover, very small apertures are likely to produce
diffraction and reduce image overall sharpness. The
optical setup used here was a carefully chosen com-
promise between depth of field, image brightness
and sharpness

5. Conclusions

Prediction of the fate of inhaled fibers remains a difficult
task. Especially in the case when separate fibers are
modeled in bifurcating airways. Our study provides stat-
istically founded answers to several questions which arise
when the flow of fibers through a single bifurcation is
solved. The analysis of the recorded orientations con-
firmed that the parallel orientation of the fibers indeed
tends to prevail. Nonetheless, its supremacy is relatively
low and not permanent. The bifurcation triggered flips
to the perpendicular orientation. Consecutively, continu-
ous flipping was observed 1 cm downstream of the
bifurcation, while parallel fibers were successively
becoming prevalent again.

Although the left and right daughter branch had
identical lengths and diameters, the realistic asym-
metry of the 3D printed bifurcation originating from
a CT scanned airway geometry caused a substantial
difference in the behavior of fibers. Their trajectories
were more complex in the right branch and also the
flips were more frequent there. The flow Reynolds
number within the range of 190 to 4500 had little
effect on the ratio of parallelly and perpendicularly
oriented fibers upstream of the bifurcation, but it
influenced the rate of flipping downstream of the
bifurcation.

It should be noted that fiber orientation has a sub-
stantial effect especially on one of the five lung depos-
ition mechanisms – interception. In fact, every aerosol
textbook emphasizes that interception plays an
important role mostly for fibers. In principle, our cur-
rent results can be used to prescribe the orientation of
fibers in the deposition formulas. However, one
should keep in mind that the presented measurements
were performed mostly in the centers of airways.
Additional measurements near the walls are needed to
capture the effects of the boundary layer and high vel-
ocity gradients. Nonetheless, the current results can be
used for validation of numerical simulations. If the
simulated orientations did not agree in the center,
they would most likely not agree at the wall either.

The effort to reveal whether the perpendicular
fibers preferably turn into the coronal plane was only
partially successful. The statistical analysis of record-
ings might be interpreted in favor of this hypothesis,
but the evaluation of the length of fibers raised some
questions that have not been completely answered and
additional experiments need to be prepared to con-
firm or reject this hypothesis.
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