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Deposition of Fiber in the Human Nasal Airway

Wei-Chung Su and Yung Sung Cheng
Lovelace Respiratory Research Institute, Albuquerque, New Mexico, USA

Inhalation is the main route for aerosol entering the human
body. Many occupational lung diseases are associated with expo-
sure to fiber aerosol in the workplace. However, very few studies to
date have been conducted for investigating fiber deposition in the
human airway. As a result, there is a notable lack of information
on the nature of the fiber deposition pattern in the human respi-
ratory tract. With this in mind, this research consisted of a large
number of experimental works to investigate the effects of fiber
dimension on the deposition pattern for a human nasal airway.
Carbon fibers with uniform diameter (3.66 µm) and polydispersed
length were adopted as the test material. Deposition studies were
conducted by delivering aerosolized carbon fibers into a nasal air-
way replica (encompassing the nasal airway regions from vestibule
to nasopharynx) at constant inspiratory flow rates of 7.5, 15, 30,
and 43.5 l/min. Fibers deposited in each nasal airway region were
washed out and the length distribution was determined by micro-
scopic measurement. The results showed that impaction is the dom-
inant deposition mechanism. Most of the fibers with high inertia
deposited in the anterior region of the nasal airway (vestibule and
nasal valve). In contrast, fibers with low inertia were found to pass
through the entire nasal airway easily and collected on the filter
at the outlet. Comparing the deposition results between fibers and
spherical particles, our data showed that the deposition efficien-
cies of fibers are significantly lower than that of spherical particles,
which implies that the inhaled fibers could pass through the entire
nasal airway comparatively easier than spherical particles. Thus,
relatively more fibers would be able to enter the lower respiratory
tract.

INTRODUCTION
Aerosol deposition in the human airway has attracted con-

siderable attention due to its importance in occupational health.
The health effects of exposure to aerosol depend on the region of
the airway on which the particles (including fibers) deposit. Nu-
merous studies have documented aerosol deposition in human
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airway replicas for spherical particles in inertia regime (Swift
1991; Cheng et al. 1999, 2001a, 2001b; Zwartz and Guilmette
2001; Kelly et al. 2004; Zhou and Cheng, 2005). From those
studies, deposition efficiencies were reported for certain regions
of the human airway, and theoretical equations have also been
proposed. Both experimental and theoretical data were found
to be in good agreement. However, for fiber particles, the situ-
ation was less satisfactory. Although it is believed that the de-
position pattern of fibers might be different from that of spher-
ical particles (WHO 2000), very limited studies to date have
been conducted for fiber deposition in the human airway replica
(Sussman et al. 1991). Only few experimental data are available
for fiber deposition in a bifurcating tube (Myojo 1987, 1990).

Fibers are elongated particles with a length more than 5 µm
and an aspect ratio, β (the ratio of the length to the diameter),
over 3 (NIOSH 1994). The aerodynamic diameter of a fiber de-
pends primarily on its diameter and only slightly on its length
(Stöber et al. 1970; Cheng et al. 1995). There are four mecha-
nisms involved in fibers depositing in a human airway: sedimen-
tation, impaction, diffusion, and interception. Each deposition
mechanism is significant in a certain fiber dimension range and
insignificant in others. It has been reported that fiber dimensions
and biopersistence play an essential role on the pathogenesis of
fiber-related lung diseases (Timbrell 1982; Lippmann 1990; Hill
et al. 1995; Bernstein et al. 2001) such as long and thin fibers
have greater toxicity than short and thick fibers. Many occupa-
tional diseases were found to be associated with the deposition
of aerosolized fibers in certain regions of the human airway. For
example, the deposition of asbestos in human lung increases the
incidence of lung cancer, mesothelioma, and fibrosis (Selikoff
and Lee 1978; IARC 1987).

In recent years, occupational exposure to asbestos fibers has
decreased because this material was replaced (due to its toxicity)
in many applications with man-made vitreous fibers (MMVFs),
including glass, ceramic, and silicon fibers. Nevertheless, re-
search conducted in laboratory animals has shown that some
MMVFs may have biological effects similar to those of asbestos
(Miller et al. 1999; Hesterberg and Hart 2001; IARC 2002;
Kamstrup et al. 2002). Therefore, new information is needed
to provide more information on the deposition of MMVFs in
the human airway. Because there is no reliable instrument avail-
able for detecting fiber size and number, and also because
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DEPOSITION OF FIBER IN THE HUMAN NASAL AIRWAY 889

of the difficulty and time-consuming effort required for the
post-experimental process for a replica deposition experiment
(sample preparation and fiber measurement), it is extremely hard
and complicated to conduct a fiber deposition study in labora-
tory. Moreover, the ethical constraints severely limit the use of
fibers in a human volunteer. As a result, there is a notable lack
of experimental data for fiber deposition in the human airway
presently. The lack of experimental data not only hampers the
verification of the available lung deposition model, but the nature
of human airway fiber deposition also remains unknown.

This research attempts to fill this gap above by obtaining suf-
ficient experimental data of fiber deposition in a human airway
to investigate the association among fiber characteristics, the
deposition mechanism, and the deposition pattern. In this study,
a human nasal airway was chosen because the nasal airway is
the major entry to the human respiratory tract, and acts as a
first line of defense and also as a filtration system in preventing
hazardous aerosols from entering the lung. The deposited frac-
tion of the inhaled fiber acquired from the nasal airway could
directly indicate that the remaining fraction of the inhaled fiber
entered the lower respiratory tract. The nasal airway replica used
in this research has realistic and well-defined airway geometry,
and has been used for several particle deposition studies. In ad-
dition, a MMVF-like fiber—carbon fiber with uniform diameter
and different lengths—was used as the test material. Using a
monodisperse-diameter fiber is a new approach in deposition
studies since it provides a simple way to obtain fiber dimen-
sion (length measurement only) and a sure way to determine the
effect of fiber length on the deposition pattern. Because fiber de-
position in the human airway is believed to be a function of its
physical characteristics, for occupational health purposes, the
information obtained from this research is useful in assessing
the exposure dosimetry of fiber and predicting fiber deposition
for other types of fibers, including asbestos and new MMVFs
being developed.

EXPERIMENTAL METHOD

Nasal Airway Replica
A human nasal replica of a nonsmoking Caucasian male

(53 years of age, 73 kg in body mass, and 173-cm tall) was
made based on in vivo magnetic resonance imaging (MRI),
with an image taken every 3 mm (Guilmette and Gagliano
1994). The original images obtained from these MRIs were
digitized with a GRAF/PEN sonic digitizer (SAC, Southport,
Connecticut). Based on these digital data, three-dimensional
surfaces were constructed for adjacent perimeter traces with a
computer-assisted design software (SmartCAM, Point Control
Co., Eugene, Oregon). The physical nasal replica was made by
using 1.5-mm-thick acrylic plates and milling with a computer-
controlled micro-milling machine (CAMM 3, Roland DG, Los
Angeles, California). The entire nasal replica contains 77 acrylic
plates (115.5 mm total length) and consists of complete nasal
airway structures, including anterior region (first 25 plates:

0–37.5 mm, with vestibule and nasal valve subregions), turbinate
region (middle 32 plates: 37.5–85.5 mm, with front and rear
turbinate subregions), and posterior (nasopharynx) region (last
20 plates: 85.5–115.5 mm). The turbinate region was subdi-
vided into superior turbinate (ST) and also known as the ol-
factory area, middle turbinate (MT), and inferior turbinate (IT)
sections. Figure 1 shows the structure and sections of the nasal
airway replica. Prior to the deposition experiment, silicon oil
(550 Fluid, Dow Corning Co., Midland, Michigan) was applied
to the inside surface of the replica to simulate the condition of
the moist wall in a real human nasal airway. The oil coating not
only helps fibers stick to the region where they are deposited, but
it also smooths and seals the nasal airway. The nasal cast was
leak-tested and charge-tested prior to each deposition experi-
ment. Many researchers have used this replica in our laboratory
for particle deposition studies (Guilmette et al. 1994; Cheng
et al. 2001b; Zwartz and Guilmette 2001) and the results have
shown that this replica provides reliable information for particle
deposition in a human nasal airway.

Test Fiber Material
Test carbon fibers were provided by Hercules, Inc.

(Wilmington, Delaware). These carbon fibers are black in color,
conductive, monodisperse in diameter (3.66 µm), polydisperse
in length, and density measured at 1.83 g/cm3. The fiber shape,
diameter distribution, and length distribution are shown in Fig-
ure 2 (the statistical data were obtained after fibers passed
through the generation process). This carbon fiber has been used
for a size classification study in our laboratory (Chen et al. 1993).
The test fiber material contains cylindrical fibers and fiber de-
bris. Preliminary investigation showed that the fiber debris is
mainly in the 1–5 µm size range and has a number concentra-
tion of 27% of the total fiber. In this research, fibers with an
aspect ratio of greater than 3:1 were counted as contributing to
the deposition data. However, fibers with lengths shorter than
10 µm were discarded and were not recorded.

The aerodynamic diameter (dae) of a carbon fiber could
be approximately calculated by the equations below (Stöber
1972):

dae = dve

√
ρ/ρoκ [1]

where dve is the volume equivalent diameter, ρ is the density
of carbon fiber, ρo is the density of water, and κ is the dynamic
shape factor for a prolate spheroid. For a prolate spheroid flying
in the air with its long axis orientating perpendicular to the flow
direction, the dynamic shape factor is κ⊥

κ⊥ =
8
3 (β2 − 1)β−1/3

2β2−3√
β2−1

ln(β +
√

β2 − 1) + β
[2]

where β is the aspect ratio. The dynamic shape factor is κ‖,
if the long axis of a prolate spheroid orientates parallel to the
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890 W.-C. SU AND Y. S. CHENG

FIG. 1. Structure and regions of the human nasal airway replica (a) schematic diagram, (b) physical model.
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DEPOSITION OF FIBER IN THE HUMAN NASAL AIRWAY 891

FIG. 2. Characteristics of carbon fibers: (a) microscopic view, (b) diameter,
and (c) length distribution.

flow direction.

κ‖ =
4
3 (β2 − 1)β−1/3

2β2−1√
β2−1

ln(β +
√

β2 − 1) − β
[3]

Finally, if the orientation of a prolate spheroid is randomly in the
air, the dynamic shape factor is κr and can be written as (Happel
and Brenner 1973)

1

κr
= 1

3κ‖
+ 2

3κ⊥
[4]

Based on the equations above, for a 20-µm-long carbon fiber in
the airflow (diameter = 3.66 µm) with its long axis orientating
perpendicular to the flow direction (dynamic shape factor = κ⊥),
the aerodynamic diameter of the fiber, dae(⊥), is 8.4 µm. On the
other hand, if the fiber’s long axis is parallel to the flow direction
(dynamic shape factor = κ‖), the aerodynamic diameter, dae(‖),
is 9.7 µm. However, if the fiber orientates randomly in the air
(dynamic shape factor = κr ), the aerodynamic diameter, dae(r),
is 8.8 µm. In contrast, for a 100-µm-long carbon fiber in the air,
its dae(⊥), dae(‖), and dae(r) are 10.4 µm, 13.0 µm, and 11.3 µm,
respectively.

Experimental Setup and Procedure
Figure 3 shows the experimental setup for the fiber deposition

study. The experimental apparatus included a fiber generator, a
charge neutralizer, the human airway replica, and a filter unit.
The fiber aerosol was generated by a small-scale powder dis-
perser (SSPD, Model 3433, TSI Inc., St. Paul, Minnesota). Dis-
persed fibers were first delivered to the Kr85 charge neutralizer.
Fibers passing through the neutralizer were at Boltzmann equi-
librium and then delivered to the nasal replica. Fibers impacting
the nasal airway were captured and remained in place due to the
silicon oil coating. A 47-mm filter unit was attached to the na-
sopharynx, the location of exit, for collecting fibers that passed
through the replica. In our study, four constant inspiratory flow
rates (7.5, 15, 30, and 43.5 l/min) were used to cover the range
of adult breathing under different activities. Three experiments
were conducted for each flow rate to determine the average de-
position values. A typical experiment lasted 5–20 minutes, de-
pending on the inspiratory flow rate (43.5–7.5 l/min), and the
SSPD was set to a rotation plate speed of 2, all of which have
been proved to allow a sufficient number of fibers to deposit in
the replica.

Sample Preparation
After the experiments, the nasal airway replica was divided

into regions/subregions based on the nasal airway structure. Ev-
ery single plate was carefully disassembled from the airway
replica and washed by brushing in filtered isopropyl alcohol.
Plates from the turbinate region were subdivided into ST, MT,
and IT sections and washed individually. Fibers washed out from
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892 W.-C. SU AND Y. S. CHENG

FIG. 3. Schematic diagram of the experimental setup for the fiber deposition study.

the plates were continually agitated so that they were well mixed
in the alcohol solution. The 47-mm filter at the outlet was treated
with the same process to remove collected fibers to the alcohol
solution. All solutions were then vacuum-filtered by a 25-mm fil-
tration assembly to allow fibers to uniformly deposit on a 25-mm
mixed cellulose ester membrane filter (GSWP, Millipore Co.,
Bedford, MA). The filters were then dried at room temperature
in a dust-free environment and prepared as the sample slide for
later microscopic counting/measurement. In total, nine sample
slides were acquired for each run of the deposition experiment,
and each slide represented one region/subregion of the nasal
airway.

Fiber Counting and Length Measurement
The fiber sample slides were examined by an optical micro-

scope (BH-2, Olympus Optical Co., Tokyo, Japan) with G22
Walton-Beckett graticule (Pyser-SGI Ltd., Kent, UK). The total
number of fibers and the length of individual fibers in a viewing
area were determined based on National Institute of Occupa-
tional Safety and Health (NIOSH) method 7400. Measured fiber
lengths were recorded on a self-developed counting table. This
counting table has 14 length categories starting at 10 µm with
increasing intervals every 10 µm. In this way, the fiber length

distribution, the total number of fibers, and the average number
of fibers in one viewing area were obtained for each sample slide.
Figure 4 shows an example of fibers in a viewing area (under 40×
magnification) while conducting the counting/measurement pro-
cedure. In this study, each sample slide was counted/measured
for 200 fibers or 200 viewing areas, depending on whichever
came first.

RESULTS

Deposition Pattern
The fiber deposition pattern was acquired after the deposi-

tion information was obtained on all nasal airway regions and
subregions. Figures 5–8 show the fiber deposition patterns for
four inspiratory flow rates in combined length categories. The
deposition fraction shown for a specific region or subregion is
the average value from three experiments at that specific re-
gion or subregion. As shown in Figure 5, the deposition pattern
for inspiratory flow rate of 7.5 l/min indicates that most of the
fibers passed through the nasal airway and were collected on the
filter. The fiber deposition fraction in each nasal airway subre-
gion was typically below 10% for every length category. Only
one subregion, the IT of the front turbinate, was slightly larger
than 10% in the long fiber (>100 µm) category (Figure 5d).
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DEPOSITION OF FIBER IN THE HUMAN NASAL AIRWAY 893

FIG. 4. Fiber counting/measuring with G22 Walton-Beckett gratitude (under 400× magnification).

In addition, the number of fibers collected on the filter de-
creases as the fiber length increases, which implies that the
longer the fiber the harder it is for it to pass through the nasal
airway.

Figure 6 shows the deposition pattern for a 15 l/min inspira-
tory flow rate. As can be seen, a considerable percentage of fibers
were deposited in the nasal airway. Most of the fibers were in the
anterior region (vestibule and nasal valve) and some in the MT
of the front turbinate. However, there was still a considerable
percentage of short fibers found passing through the entire nasal
airway (33%; Figure 6a). Similarly, as shown in Figure 5, the
percentage of fibers passing through the nasal airway in Figure 6
decreases as the fiber length increases. In the long fiber category
(>100 µm; Figure 6d), only 11% of long fibers passed through
the nasal airway and collected on the filter. In the turbinate re-
gion, very few fibers were found in the rear turbinate subregion
and only a few fibers deposited in the front turbinate subregion,
especially in the MT. Almost no fibers were deposited in the
posterior region (nasopharynx).

As shown in Figure 7, for an inspiratory flow rate of 30 l/min,
the majority of the fibers were deposited in the anterior region,
especially in the vestibule. The deposition fractions in the an-
terior region were between 77% (short fibers) and 88% (long
fibers). Compared with the deposition pattern of the 15 l/min in-
spiratory flow rate (Figure 6), the percentage of fibers collected
on the filter in Figure 7 was significantly decreased, which in-
dicates that the fibers had difficulty passing through the entire
nasal airway, whether or not they are short or long fibers. On the
other hand, similar to the result of the 15 l/min inspiratory flow
rate (Figure 7), very few fibers were found in the rear turbinate
and nasopharynx regions.

The deposition pattern for a 43.5 l/min inspiratory flow rate
is shown in Figure 8. As can be seen, the deposition patterns are
similar to those for an inspiratory flow rate of 30 l/min (Figure 7),
but relatively more long fibers (fibers > 70 µm) were found in
the nasal valve and front turbinate subregions. In Figure 8, fibers
are mainly deposited in the vestibule, nasal valve, and the front
turbinate subregions. More than 99% of the fibers were deposited
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894 W.-C. SU AND Y. S. CHENG

FIG. 5. Fiber deposition map for an inspiratory flow rate of 7.5 l/min. Depo-
sition fractions for each region and subregion are shown in percent (0 represents
the value of the fraction <0.5%).

FIG. 6. Fiber deposition map for an inspiratory flow rate of 15 l/min. Deposi-
tion fractions for each region and subregion are shown in percent (0 represents
the value of the fraction <0.5%).
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DEPOSITION OF FIBER IN THE HUMAN NASAL AIRWAY 895

FIG. 7. Fiber deposition map for an inspiratory flow rate of 30 l/min. Deposi-
tion fractions for each region and subregion are shown in percent (0 represents
the value of the fraction <0.5%).

FIG. 8. Fiber deposition map for an inspiratory flow rate of 43.5 l/min. Depo-
sition fractions for each region and subregion are shown in percent (0 represents
the value of the fraction <0.5%).
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896 W.-C. SU AND Y. S. CHENG

FIG. 9. The deposition efficiency as a function of impaction parameter for fiber deposition in the human nasal airway.

FIG. 10. Deposition efficiency as function of fiber length for fiber deposition in the human nasal airway using different inspiratory flow rates.
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DEPOSITION OF FIBER IN THE HUMAN NASAL AIRWAY 897

in these places for each fiber length category. Extremely few
fibers (<0.5%) passed the nasal airway and collected on the filter.

Deposition Efficiency
Figure 9 shows the deposition efficiency as a function of im-

paction parameter (fiber inertia) for fiber deposition in a human
nasal airway. The deposition efficiency, η, of the entire nasal
airway for specific length category, i , was calculated by

η = Nnasal(i)/
(
Nnasal(i)+ Nfilter(i)

)
[5]

where Nnasal(i) is the number of fibers deposited in the nasal air-
way for length category i , and Nfilter(i) is the number of fibers,
in the same length category i , collected on the filter. The fiber
impaction parameter which represents the fiber inertia was cal-
culated by

dae
2 Q [6]

where dae is the aerodynamic diameter of fiber, and Q is the
inspiratory flow rate. For dae

2 Q throughout this article, dae is
represented by dae(r) since the actual orientation of fibers in the
inhaled air flow is unknown. As seen in Figure 9, the deposi-
tion efficiency is positively related to the impaction parameter.
The deposition efficiency increases as the impaction parameter
increases. At the small and large values of the impaction param-
eter, the deposition efficiency increases slowly as the impaction
parameter increases. However, the deposition efficiency rises
rapidly and steeply at the impaction parameter range 1.5 × 104

to 3.5 × 104. Overall, the deposition efficiency is under 20%
when the impaction parameter is smaller than 1.5×104, and the
deposition efficiency closes to 99% when the impaction param-
eter reaches 5.0 × 104.

Figure 10 shows the deposition efficiency as a function of
fiber length for different inspiratory flow rates. As shown in
Figure 10, for a given inspiratory flow rate ranging from 7.5
to 30 l/min, the deposition efficiency rises steadily as the fiber
length increases. On the other hand, for a given fiber length, the
deposition efficiency increases significantly as the inspiratory
flow rate increases. For short fibers smaller than 40 µm, their
deposition efficiency increased approximately tenfold from 0.1
to 1.0 as the inspiratory flow rate increased from 7.5 to 43.5 l/min.
For the same increase of the flow rate, long fibers which are larger
than 100 µm at least double their deposition efficiency.

DISCUSSION

Deposition Mechanism of Carbon Fiber in the
Nasal Airway

It has been shown in the previous section, for a high inspira-
tory flow rate of 30 l/min and up, the fiber deposition “hot spot”
is at the anterior region. More than 77% of fibers were deposited
there. For the median inspiratory flow rate of 15 l/min, the de-
position pattern is similar. The anterior region is still the hot
spot, but the deposition fraction is a bit smaller. However, for

the low inspiratory flow rate (7.5 l/min), the anterior region is
no longer the area where fibers are likely to deposit and most of
the fibers passed through the entire nasal airway. These results
imply that the deposition of the test fiber in the nasal airway
(especially in the anterior region) is due to inertia. Moreover, as
shown in Figure 9, the deposition efficiency for the entire nasal
airway increases as the impaction parameter increases. It recon-
firms that impaction is the dominant deposition mechanism in
the present research, and this experimental result might occur
because the carbon fibers used in our research are all in the high
inertia regime.

When air is inhaled into the nostril, it experiences a sharp turn
in the vestibule area. The airflow makes a nearly 90-degree turn
from a vertical to a horizontal direction. Fibers having low inertia
can follow the airstream closely and make the turn easily to avoid
impaction on the bend area of the vestibule. Therefore, there
were not many low-inertia fibers deposited around the vestibule
(Figure 11a), and most of the low-inertia fibers passed beyond

FIG. 11. Fiber deposition in the vestibule area for a inspiratory flow rate of (a)
Q = 7.5 l/min, and (b) Q = 30.0 l/min (bottom view of the nostril entrance).
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898 W.-C. SU AND Y. S. CHENG

the anterior region and were delivered deeper in the nasal airway.
On the other hand, fibers with high inertia have difficulty flowing
easily with the airstream. As a result, they were not able to
make turns with the airstream, and most of these high-inertia
fibers impacted on the roof of the vestibule region as shown in
Figure 11b. A similar result was also observed by Zwartz and
Guilmette (2001) in the deposition study of spherical particles
using the same nasal airway replica.

Long versus Short Fibers
Figure 12a and b show the comparison of deposition frac-

tions in the anterior region (vestibule and nasal valve subre-
gions) and in the filter for short fibers (fiber length = 10 to
20 µm; dae(r) = 7.6 to 8.8 µm) and long fibers (fiber length >

200 µm; dae(r) > 12.3 µm). As can be seen, the deposition trends
of the anterior region and filter are similar for both fiber cate-
gories. Only the values of the deposition fraction are different
for a specific flow rate. Generally, in a low inspiratory flow rate

FIG. 12. Comparison of fiber deposition fraction in the anterior region and
filter for (a) short fibers with fiber length 10–20 µm, and (b) long fibers with
fiber length >200 µm.

range, there are more fibers deposited on the filter than on the
anterior region, which indicates that if the inhaled fibers have
low inertia, they pass easily through the entire nasal airway and
enter the larynx or even the trachea-bronchi and the deep lung.
As the inspiratory flow rate increases, the deposition fraction
in the anterior region starts to increase rapidly while there is
a steep decrease in fibers passing through the nasal airway. In
the high inspiratory flow rate range (Q ≥ 30 l/min), there are a
greater number of fibers deposited in the anterior region (>70%)
than collected on the filter (<10%), which indicates that most
of the fibers inhaled are impacted and remained in the nostril
area.

By taking a closer look at Figure 12a and b, the short-fiber
deposition pattern (Figure 12a) is likely the result of shifting
the long-fiber deposition patter (Figure 12b) along the x-axis to
the right (and vice versa). The shift along the x-axis implies the
flow rate change, which is relevant to the impaction parameter.
Thus, our data proves once again that carbon fibers depositing
in the nasal airway is mainly due to impaction, and that short
fibers could have the same deposition fraction as long fibers

FIG. 13. Fiber deposition fraction in the turbinate region (a) short fibers with
fiber length 10–20 µm, and (b) long fibers with fiber length >200 µm. (ST, MT,
and IT: superior, middle, and inferior turbinate, respectively.)
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DEPOSITION OF FIBER IN THE HUMAN NASAL AIRWAY 899

in a specific nasal airway region or subregion, as long as the
impaction parameter for both fibers are in the same range.

Fiber Deposition in the Turbinate Region
The turbinate region is a unique part in the human nasal air-

way. Its uniqueness is mainly due to its complicated structure and
slot-like airway. Therefore, it is worth investigating the details
of the deposition information in this region.

Subramaniam et al. (1998) used a computational fluid dynam-
ics model to simulate the airflow profile in a human nasal air-
way (the same MRI scans as used in this research) and provided
quantitative data of airspeed distribution in the nasal airway. In
their research, Subramaniam et al. indicated that, the airflow in
the IT and MT is basically flowing parallel with the nasal floor
and the ST has the lowest airspeed and volumetric flow. These
simulation results could greatly facilitate the understanding of
the fiber deposition in the turbinate region. Figure 13 shows
the fiber deposition fraction in the turbinate region for short
fibers (Figure 13a) and long fibers (Figure 13b). As can be seen,
overall, very few fibers were deposited in the turbinate region.
The deposition fractions in each turbinate subregion were all
below 25%. The deposition fraction of fibers in the ST has the
lowest deposition fraction compared to that of the MT and IT;
and the MT is basically greater than that of the IT except for
long fibers in the low inspiratory flow rate (7.5 l/min). In order

FIG. 14. Comparison of deposition efficiencies between fibers and spherical particles.

to explain these experimental results, the simulation results from
Subramaniam et al. (1998) mentioned above could be applied
here. First, because the airflow passing through the MT and IT
is parallel with the nasal floor (also with the walls), it is hard
for fibers to deposit on the floor and walls of the MT and IT by
impaction. Thus, the fiber deposition fraction in these subregions
was relatively low. Second, the lowest fiber deposition fraction
in the ST is the result of only a little airflow passing through this
area (in other words, only a few fibers were delivered into this
area). Finally, it was shown that the fiber deposition in the MT
was larger than that in the IT for inspiratory flow rates ranging
from 15 l/min to 43.5 l/min. This might be due to the turbinate
structure in the front turbinate region as indicated by Zwartz
and Guilmette (2001). In their research, Zwartz and Guilmette
found that the nasal airway has its MT suddenly protrude into the
main airway. Therefore, fibers had more of a chance to impact
on the front section of the MT where it faces the airflow. More
deposition was thereby made on the MT in the front turbinate
subregion as shown in Figures 5–8.

Comparison of Deposition Efficiency for Fiber
and Spherical Particles

As has been mentioned in previous sections, some nasal air-
way deposition studies have been carried out with spherical par-
ticles, and used the nasal airway replicas with the same MRI
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scans as used in this research (Cheng et al. 2001b; Zwartz and
Guilmette 2001; Kelly 2004). In those studies, deposition effi-
ciencies were obtained based on the nasal airway as an entire
unit. Figure 14 compares the nasal airway deposition efficiency
between spherical particles and carbon fibers. As can be seen, the
trends of the deposition efficiencies are similar for both spheri-
cal particles and fibers. The deposition efficiency is a function of
impaction parameter (dae

2 Q), and the deposition efficiency in-
creases as the impaction parameter dae

2 Q increases. The deposi-
tion efficiencies reach almost 100% as dae

2 Q > 50000 for both
spherical particles and fibers. However, for dae

2 Q < 50000,
the deposition efficiency of fibers is significantly lower than
that of spherical particles. In order to verify this result and to
investigate whether it is the experimental method used in this
research that caused the difference, several more deposition ex-
periments were conducted in present research using two sizes
(6 µm and 10 µm) dyed polymer spherical particles (Fluores-
cent Microspheres, Duke Scientific Co., Palo Alto, California).
Deposition experiments were conducted using the similar ex-
perimental method as for the fiber study. The only difference is
that the deposition information was acquired by measuring the
florescence intensity of the washed-out solution for each nasal
airway region. The retest showed that (1) the new deposition
efficiencies of the spherical particles obtained from present re-
search agree well with those data acquired from other studies
(see Figure 14), and (2) it is apparent that the deposition effi-
ciency of fibers is indeed lower than that of spherical particles.
This result implies that fibers inhaled by nose can pass through
the nasal airway relatively easier than spherical particles. There-
fore, fibers may have more of a chance, compared with spherical
particles, to enter the lower respiratory tract—the deep lung.

Although some theoretical calculations (Asgharian 1988;
Chen and Yu 1991; Asgharian et al. 1997) and experimental
observation (Myojo 1987) have shown that fibers tend to align
themselves to the flow direction, which might provide an expla-
nation for the difference of the deposition efficiencies, further
research is still needed to investigate whether this phenomena
is also true in the tortuous flow field, such as the airflow in the
human nasal airway.

CONCLUSION
In this research, experiments were conducted to investigate

the effects of fiber length on the deposition pattern in the human
nasal airway. MMVF-like carbon fibers with uniform diameter
were adopted as the test material. A human nasal airway replica
with realistic and well-defined airway geometry was used. This
nasal airway was made from acrylic plates and consisted of nasal
airway structures from nostril to nasopharynx. Deposition stud-
ies were conducted by delivering aerosolized carbon fiber into
the nasal airway at constant inspiratory flow rates from 7.5 to
43.5 l/min. The deposition results showed that impaction is the
dominant deposition mechanism. Fibers with high inertia were
deposited on the anterior region of the nasal airway (vestibule);

however, most fibers with low inertia were found to pass through
the entire nasal airway and enter the lung. Comparing the de-
position efficiency of fibers and spherical particles in the nasal
airway showed that the deposition efficiency of fiber is generally
lower than that of spherical particles. Further research might be
needed to investigate the behavior of fiber in a complex flow
field to explain the difference found. The deposition informa-
tion acquired from this research could be applied in predicting
fiber nasal deposition, and assessing the exposure dosimetry for
other fibers, including asbestos and new MMVFs.
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