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ABSTRACT

Accurate measurement of droplet/particle deposition fraction and spatial distribution is vital for understanding various inhalation processes,
including nebulized therapy, inhalation of atmospheric pollutants, and exposure risk assessment to aerosols such as airborne SARS-COV-2-
laden droplets. This paper presents a novel method to measure the deposition fraction and spatial distribution of the deposited particulate
phase (i.e., deposition pattern) of droplets through a single experiment. The experiment employs an idealized mouth-to-throat model as a
test platform for two vibrating mesh nebulizers to deposit droplets. By utilizing a nebulized solution of normal saline containing the
fluorescein, the qualitative observation of droplet deposition pattern on the internal surfaces is achieved under ultraviolet excitation.
Furthermore, through rinsing the experimental components and quantitatively determining the deposition fraction based on rinsate
absorbance, experimental results indicate that the deposition fraction of nebulized droplets decreases initially and then increases with
increasing inspiratory flow rate from 15 to 60 l/min. Additionally, the deposition hotspots gradually shift from the bottom of the oral cavity
to the throat as the inhalation flow rate increases. In addition to providing validation data for the transport and deposition of high-
concentration droplets, this experimental method has the potential for extension to research on aerosol transmission and exposure risk
assessment. It offers valuable insight into the behavior of nebulized droplets, aiding in developing effective strategies for aerosolized therapies
and mitigating transmission risks in various applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0163935

I. INTRODUCTION

Inhalation therapy serves as the primary method for managing
chronic obstructive pulmonary disease (COPD) and asthma.1,2 It
involves the use of various inhalation devices such as metered-dose
inhalers (MDIs), dry powder inhalers (DPIs), and nebulizers.3,4

Among these devices, nebulizers stand out due to their lower demands
for hand-mouth coordination and inhalation flow rate, making them
particularly user-friendly for elderly and pediatric patients.5–7

Furthermore, vibrating mesh nebulizers (VMNs) are more portable
and operate silently, making them increasingly popular over

traditional ultrasonic and jet nebulizers. As a result, the market share
of VMNs has been steadily increasing over the past few years.8–11 Due
to VMNs’ ability to preserve vaccine bioactivity, they have garnered
significant attention during the COVID-19 pandemic as potential
delivery devices for inhalable vaccines.12

The generation, transport, and deposition of droplets in the respi-
ratory tract using VMNs involve complex fluid dynamics as well as
heat and mass transfer phenomena.13 Droplet generation in VMNs
relies on the principle of a micro-pump, where liquid is retained on
one side of a vibrating plate containing conical orifices due to surface
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tension. Vibrations driven by high-frequency voltage force the liquid
through the orifices on the liquid-facing side, expelling droplets into
the air.14 Figure 1 depicts the process for droplet generation.
Therefore, such a process is related to fundamental research on fluid
motion subject to fluid–structure coupling, fluid flow through micro-
scale holes with varying diameters, and droplet bouncing dynamics on
vibrating surfaces.15–17

The transport and deposition of droplets in the respiratory tract
are influenced by intricate airflows resulting from the complex geomet-
ric structure and abrupt changes in cross-sectional areas of the air-
ways.18,19 As air flows from the mouth to the throat, the airway’s cross
section experiences sudden reductions, followed by increases near the
pharynx and throat, leading to laminar-to-turbulence transition and jet-
ting.20 The complex flow regime induces intricate and strong phase
change dynamics between inhaled droplets and water vapor. As inhaled
air travels through the respiratory tract, it undergoes humidification and
warming processes. Multicomponent droplets, which may contain
water, NaCl, and soluble or insoluble forms of medications, experience
evaporation within the varying temperature and humidity fields along
the respiratory tract.21 Inhaled droplets can absorb moisture and
increase in the size and mass near the mucus layer even after evaporat-
ing into dry particles, ultimately leading to deposition onto the mucus.

Both in vivo and in vitro studies have consistently demonstrated
the advantages of VMNs over traditional nebulizers. The Single
Photon Emission Computed Tomography (SPECT)-CT analysis
revealed that using a VMN combined with a valved holding chamber
in six healthy male subjects can lead to a lung deposition efficiency six
times higher than a traditional jet nebulizer.22 Additionally, Waldrep
and Dhand23 discovered that VMNs enhanced drug delivery efficiency
compared to traditional nebulizers, particularly for mild to moderate
asthmatics. In an idealized mouth-to-throat (MT) model study, the
deposition efficiency of inhaled aerosols using a commercial VMN
was quantified, revealing that under the condition of 15 l/min, the
lung deposition efficiency of the VMN reached approximately 60%.24

Due to the significant subject variability among volunteers,
including factors such as gender, age, weight, and breathing pattern,
in vivo human studies often encounter challenges in obtaining consis-
tent results. Therefore, in vitro experiments assume significant impor-
tance as they provide a controlled and reproducible environment, thus
mitigating the challenges associated with subject variability. For
instance, Park et al.25 evaluated the delivery efficiency of six different
nebulizers, including two jet nebulizers, two static mesh nebulizers,
and two VMNs under different breathing patterns. However, it is

worth noting that the measurement of the delivery dose in this study
was conducted directly using filter membranes, without employing a
respiratory tract physical model for lung deposition quantification.
G€urzing et al.26 conducted in vitro experiments in an in-plane trans-
parent airway model to investigate the transport characteristics of liq-
uid bronchoscopic spray in the bronchi. They employed laser-induced
fluorescence to capture the dynamics of liquid transport, including the
formation of liquid films and plug flow. Most recently, Xia et al.27

introduced a novel approach that involves the washing and measuring
of solution ion concentrations after droplet deposition experiments.
This method aims to determine the deposition fraction (DF) of drop-
lets generated by VMNs in an idealized MT model. However, the
abovementioned in vitro studies are not able to visualize local deposi-
tion patterns of the inhaled aerosols simultaneously using the same
experiment.

The deposition pattern describes the spatial distribution of
droplets/particles and provides a visual representation of the dense
deposition regions. There are limited experimental measurement
methods available for characterizing deposition patterns. For instance,
Finlay et al.28 employed a semi-quantitative approach to determine
the deposition pattern of di-ethylhexyl sebacate oil (DEHS) aerosol
labeled with 99mTechnetium (99mTc). They visualized the deposition
pattern using a single photon emission gamma camera, enabling the
calculation of the deposition fraction for each specific region. Su
and Cheng29 performed carbon fiber deposition experiments in two
human respiratory tract replicas. After the experiments, they dissected
the respiratory tract replicas into regions and captured images to high-
light the hotspots where the carbon fibers deposited. The high contrast
between the respiratory tract model and the carbon fibers facilitated
this visualization. Sakai et al.30 utilized the laser-induced fluorescence
method to measure the deposition locations of lycopodium powder
doped with fluorescent dye in a transparent nasal cavity model. Laser-
induced fluorescence is also used to capture the liquid breakup and
spray evolution.31–33 Xi et al.34 utilized Sar-Gel to coat the inner sur-
face of the respiratory tract to characterize the deposition patterns of
droplets generated by different nebulizers. The observed deposition
patterns were found to be consistent with the deposition patterns pre-
dicted by numerical simulations.

Similarly, when assessing exposure risk induced by aerosol trans-
mission, tracer gases, such as SF6 and N2O,

35,36 as well as particles of
different diameters,37 are widely used to measure the deposition or
inhalation of aerosolized particles on infected individuals.
Nevertheless, a notable gap remains in terms of reliable experimental
methods for directly observing the deposition pattern of exhaled drop-
lets or particles.

The importance of accurately determining deposition fractions
and spatial distribution of droplets/particles in specific environments,
particularly in the context of the COVID-19 pandemic, cannot be
overstated.38,39 This information plays a crucial role in comprehending
the transmission dynamics of hazardous aerosols and designing miti-
gation strategies.40,41 However, there is currently a scarcity of methods
that can simultaneously provide deposition fractions and patterns
within relatively small geometric spaces like the respiratory tract.
Addressing this gap is essential for advancing our knowledge and
enhancing the efficacy of preventive measures.42

To bridge the aforementioned gap, this study presents a novel
experimental method that enables simultaneous measurement ofFIG. 1. Schematic illustration of droplet generation process in VMNs.
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deposition fractions and deposition patterns of droplets within an ide-
alized MT respiratory tract model. To the best of our knowledge, this
method represents a pioneering experimental approach that enables
simultaneous acquisition of regional and local deposition information.
In this experiment, two VMNs are utilized to generate a large number
of droplets by nebulizing a fluorescein-containing normal saline solu-
tion. The idealized MT model serves as the test bed for conducting the
deposition experiments. Following the deposition experiment, the
internal surface of the MT model is irradiated with ultraviolet (UV)
light, causing the droplets to fluoresce to facilitate the visualization of
the deposition patterns. Additionally, the experimental components
undergo thorough cleaning, and the absorbance of the rinsate is quan-
tified to determine the deposition fractions. The study reveals that the
deposition patterns and deposition fractions of nebulized droplets
exhibit significant variations with changes in inspiratory flow rates.
The results provide benchmark experimental data for validating
numerical simulations of multi-component droplet transport, evapo-
ration/condensation, and deposition. Moreover, this innovative
method holds promise for further applications in human exposure
risk assessment of aerosols.

II. METHOD
A. Experimental setup

The experiments were performed in an ISO (International
Organization for Standardization) 4 cleanroom with temperature and
relative humidity (RH) set at 26.5 �C6 1 �C and 50% 6 2%, respec-
tively. The particle concentration in the ISO 4 cleanroom was verified
by a TSI Optical Particle Size Spectrometer 3330 (TSI, Inc., MN). As
depicted in Fig. 2, the experiment setup consisted of a VMN, an ideal-
ized MT model, a bubble absorption tube, a prefilter, a membrane fil-
ter, a glass rotor flowmeter (10–100 l/min,64%, LZM-6T, Senlod Co.,
Ltd., Nanjing, China), and a vacuum pump. A silicone mouthpiece
was used to connect the VMN and the MTmodel.

Two customized VMNs were used in this study. The VMN bod-
ies were 3D-printed, and the mesh plates had different numbers of ori-
fices, i.e., 700 and 1200. The mesh plate with 700 orifices was identical
to the one used in a commercial product (VP-M1, Vapo Healthcare
Co., Ltd., Jiangsu, China). The mesh plate with 1200 orifices was cus-
tomized by Vapo Healthcare Co., Ltd. Each mesh plate was vertically
installed on the body of the VMN (see Fig. 3) and connected to a cir-
cuit board, also from the VP-M1. The VMNs equipped with 700 orifi-
ces and 1200 orifices were designated VMN1 and VMN2, respectively.

The idealized MT model proposed by Zhang et al.43 was capable
of replicating the deposition characteristics of inhaled particulate mat-
ter in human MT airways. This idealized MTmodel has an inlet diam-
eter of 3 cm, gradually narrowing to a 0.85 cm diameter tube at the
oropharyngeal region and then bending 90� downward at the level of
the pharynx to enter the throat region. The left side of Fig. 4 illustrates
the idealized MT airway model used in this study, while the right side
displays a sagittal head CT image of an adult male, with labels indicat-
ing the regions of the oral cavity, oropharynx, and throat in both the
MT model and the CT image. The model was sectioned along the sag-
ittal plane, facilitating the visualization and analysis of the inner sur-
face. To ensure the surface smoothness, the Computer Numerical
Control (CNC)-manufactured aluminum MT airway model was
anodized.

Before each experiment, the bubble absorption tube was filled
with de-ionized water (Nandye Co., Ltd., Wenzhou, Zhejiang, China).
This tube served as a micro-liquid-gas bubbling bed, capturing most
droplets that escaped from the MT airway model. To intercept large
droplets that might be generated by the breakage of bubbles inside the
bubble absorption tube, a prefilter was employed. All remaining small
droplets were collected using a membrane filter with a pore size of
0.1lm (Yaxin Co., Ltd., Shanghai, China).

B. Experimental overview

For each test, the experimental system shown in Fig. 2 was uti-
lized. The flow rate was adjusted by the glass rotor flowmeter.
Subsequently, a water solution consisting of 0.9% w/v NaCl and 0.1%
w/v fluorescein sodium was nebulized using a VMN. It should be
noted that the actual drug solution is micrograms or milligrams of
drug dissolved in normal saline (0.9% w/v NaCl water solution). The
nebulized droplets were carried along by the airflow, with a portion of
them depositing within the idealized MT airway model. Meanwhile,
the remaining droplets escaped from the airway model and were col-
lected using a bubble absorption tube, prefilter, and membrane filter.
To maintain the integrity of the experiment and prevent filter over-
load, each individual test lasted between 3 and 5min. This duration
also ensured that no droplets coalesced and slid down within the MT
model during the experiment.

After each deposition test, the airway model was detached from
the system and dissembled to expose the inner surface for deposition
pattern photography (see Sec. II C for details). The weight of the VMN
was measured before and after the experiment to determine the mass

FIG. 2. Schematic of experimental setup (1: VMN, 2: silicone mouthpiece, 3: ideal-
ized MT airway model, 4: bubble absorption tube, 5: prefilter, 6: membrane filter, 7:
glass rotor flowmeter, and 8: vacuum pump).

FIG. 3. Assembly schematic of the VMN body and the mesh plate.
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of the nebulized solution. The mouthpiece, airway model, bubble
absorption tube, prefilter, membrane filter, and tubes connecting these
components were rinsed in ultrasonic cleaner (Huace Science and
Technology Co., Ltd., Shenzhen, Guangdong, China). The rinsate of
different components was brought to a fixed volume separately. Then,
the concentration of the rinsate was measured to determine the
amount of deposited droplets in each component. Two concentration
measurement methods, i.e., visible light spectrophotometry and fluo-
rescence spectrophotometry, were used to measure the concentration
of the rinsate, and it was found that they were equivalent.

The droplet nebulization and deposition tests using VMN1 and
VMN2 were conducted at inhalation flow rates of 15, 22.5, 30, 45, and
60 l/min. To ensure reliable results, each experimental condition was
repeated three times, resulting in triplicate measurements for each
flow rate.

C. Nebulization characteristics of VMNs

The nebulization mass flow rates of VMN1 and VMN2 are 0.35
and 0.23 g/min, respectively. Figure 5 shows the droplet size distribu-
tions of the aerosol generated by the two VMNs. The droplet size distri-
bution was obtained by averaging ten measurements from a high-speed
particle size analyzer (Spraylink, Zhuhai Linkoptic Instrument Co. LTD,
Guangdong, China) over a period of 10 s. For VMN1, the calculated
MMAD (Mass Median Aerodynamic Diameter) is 4.40lm, and the
GSD (Geometric Standard Deviation) is 1.73. On the other hand, for
VMN2, the MMAD is 3.48lm, and the GSD is 1.47. Notably, despite
using the same driver, VMN2, which has more orifices, exhibits a lower
nebulization mass flow rate and smaller MMAD. This may be attributed
to the vibration characteristics of the vibrating plate.

D. Measurement of deposition patterns

The experimental setup for measuring the deposition pattern is
illustrated in Fig. 6. It comprised several components, including a cam-
era, two ultraviolet (UV) lamps equipped with diffusers, the MT
model, a black absorbent background, and a support structure for the
MT model. The UV lamps emitted light that could excite the fluores-
cent substance in the droplets, causing them to emit fluorescence.
Compared to visible light sources, the invisible UV light minimized

the entry of visible light into the camera lens through reflection, thus
enhancing the contrast of local fluorescence. The main spectral radia-
tion of UV lamp is concentrated in the range of 200–280nm, with a
small amount of blue light emission to indicate the proper functioning
of the lamp. A single-lens reflex camera (EOS 600D, Canon, Inc.,
Kaohsiung, China) was employed to capture the fluorescent droplet
deposition pattern. The black absorbent background was used to
reduce the reflection of light into the camera lens. The support struc-
ture, 3D printed, held half of the MT model vertically, providing a
clear display of the inner surface of the MT model. Throughout all
measurements, the relative positions of various components remained
unchanged.

E. Analysis of deposition fraction

The deposition fraction (DF) is defined as

DF ¼ m1

m1 þm2
� 100%; (1)

where m1 represents the mass of NaCl droplets deposited in the
mouthpiece and MTmodel, andm2 represents the mass of NaCl drop-
lets escaped from the MT model. m2 includes the mass of NaCl drop-
lets captured by the bubble absorption tube, prefilter, membrane filter,
and tubes connecting these components.

In this experiment, the rinsate was a low-concentration fluores-
cent NaCl solution. Typically, the concentration of fluorescent solu-
tions is measured using fluorescence spectrophotometry, which is a
common method. However, it is worth noting that different concen-
trations of NaCl solutions exhibit varying absorbance characteristics,
and in principle, they can also be measured using visible spectropho-
tometry. Hence, this study aimed to investigate the equivalence of
these two methods by comparing their results.

The fluorescent solution was diluted to different levels to prepare
sample solutions with fluorescein concentrations of 0.00004, 0.0001,
0.0002, and 0.0005g/l, respectively. Additionally, a solution with a fluo-
rescein concentration of 0.00004 g/l was prepared to assess the accuracy
of the fluorescence spectrophotometer (FluoroMax-4, HORIBA (China)
Trading Co., Ltd., Shanghai, China) and visible spectrophotometer
[722G, INESA (Group) Co., Ltd., Shanghai, China].

FIG. 4. Idealized MT model and human CT image with labeled oral cavity, oropharynx, and throat.
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Under the specific condition of an inhalation flow rate equal to
30 l/min, the rinsate was subjected to concentration measurement
using both fluorescence spectrophotometry and visible spectropho-
tometry to determine the deposition fraction. The weight change of
the nebulizer before and after the experiment was 0.432 g. It indicated
that 0.432 g of the solution was nebulized, corresponding to a mass of
4.32� 10�4 g of fluorescein.

To ensure accuracy and reliability, all measurements were
repeated three times.

1. Fluorescence spectrophotometry

When the concentration of the fluorescent solution is low, the
fluorescence intensity F (a.u.) of the solution is linearly related to the

FIG. 5. Droplet size distributions for different VMNs: (a) VMN1 and (b) VMN2.

FIG. 6. Schematic of photographing setup (1: MT model, 2: camera, 3: UV lamp with diffuser, 4: black absorbent background, and 5: model support): (a) anterior view and (b)
side view.
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concentration C (g/l) of the fluorescent substance in the solution.44,45

By measuring the sample solutions on the fluorescence spectropho-
tometer, the following relationship was obtained: F ¼ 5:81� 109C
þ74623:84. Based on this relationship, the fluorescence intensity of
the sample with a concentration of 0.00004 g/l was measured to be
289650.17 (a.u.), corresponding to a concentration of 0.000037 g/l.
The measurement error was calculated to be 7.5%.

For the inhalation flow rate of 30 l/min, the mass of fluorescein
deposited in the MT model was measured to be 7.590� 10�5 g, while
the mass of fluorescein escaping from the model’s outlet was
3.241� 10�4 g. Therefore, the total mass of fluorescein measured was
4.000� 10�4 g, resulting in a deposition fraction of 18.97%. The rela-
tive error in the mass of the nebulized solution was 7.41%.

2. Visible spectrophotometry

According to the Beer–Lambert law,46,47 the relationship between
absorbance A (l/g cm) and fluorescein concentration C (g/l) was
obtained by testing the four sample solutions, which is given as
A ¼ 45:27C þ 1:77� 10�4. According to this relationship, the con-
centration of the sample with a fluorescence substance concentration
of 0.00004 g/l was measured as 0.0000403 g/l, with a measurement
error of 0.75%.

For the rinsate under the inhalation flow rate of 30 l/min, the
deposited mass of fluorescein in the MT model was 8.125� 10�5 g,
while the escaped mass from the outlet of the model was 3.375� 10�4

g, resulting in a deposition fraction of 19.40%. The total mass of aero-
solized fluorescein was 4.1875� 10�4 g, with a relative error of 3.07%
compared to the actual total mass aerosolized.

While fluorescence spectrophotometry is a widely used method
for measuring the concentration of fluorescent solutions, it is impor-
tant to note that visible spectrophotometry showed consistent accu-
racy compared to fluorescence spectrophotometry for the NaCl and
fluorescent aqueous solution utilized in this experiment. As a result,
visible spectrophotometry was selected as the preferred method for
measuring the deposition fraction of nebulized droplets in the subse-
quent experiments.

III. RESULTS AND DISCUSSION
A. Deposition faction (DF)

Figure 7(a) presents the variation of nebulized droplet deposition
in the idealized MT airway model concerning inspiratory flow rate.
Figure 7(b) illustrates the DFs as a function of the corresponding iner-
tial parameter (IP), defined as

IP ¼ qdd
2
dQ; (2)

where qd (g/cm
3) is the droplet density, dd (lm) is the MMAD of the

droplet, and Q (cm3/s) is the inhalation flow rate. The discrete data
points in Figs. 7(a) and 7(b) represent the average values obtained
from of three repeats. The error bars accompanying the data points
indicate the standard deviation.

The DF curves for VMN1 and VMN2 in Fig. 7 show a decreasing
trend, followed by an increasing trend as the flow rate increases. The
observed difference in the results, where the deposition fraction curves
in our study exhibit a non-monotonic trend with the increase in the
flow rate, contrasts with the findings of Zhang et al.,48 who reported a
consistent increase in the deposition fraction with increasing IP using
di-ethylhexyl sebacate (DEHS) droplets.

The observed difference in the deposition fraction between the
saline solution and DEHS droplets can be attributed to several factors.
In our experiment, the use of saline solution leads to evaporation in
the air, which can affect the behavior of the droplets. In contrast,
DEHS droplets are more stable and do not evaporate or absorb mois-
ture from the air. Consequently, the deposition fraction of DEHS
droplets tends to increase as droplet inertia increases, which can be
achieved by increasing the droplet diameter or the inhalation flow
rate.

In the case of the VMN employed in our experiment, the aerosol
mass flow rate remains constant. Therefore, as the inhalation flow rate
increases, the droplets are diluted in a larger air volume. Previous
experiments have shown that a NaCl solution has a threshold relative
humidity (RH) of approximately 76%.49 Specifically, below this thresh-
old (RH¼ 76%), the solution will continuously evaporate, and NaCl
crystals will form through crystallization. Therefore, at higher ambient
RH levels, NaCl droplets may interact with the environment through
water vapor exchange and eventually reach an equilibrium state. The

FIG. 7. Droplet DFs in the idealized MT airway: (a) variations with inspiratory flow rate and (b) variations with inertial parameter.
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droplet–water vapor interaction model can be referred to from previ-
ous research results.50–52 Based on the model validation in our numer-
ical simulations, the model can accurately describe the hygroscopic
growth processes of NaCl particles and glycerol droplets.52 This model
assumes the presence of an extremely thin air layer on the surface of
the droplets, with the mass fraction of the evaporable component in
this thin layer determined by the modified Raoult’s law.53 This enables
the calculation of mass exchange occurring between the droplet and
the surrounding air. Consequently, the equilibrium RH of pure water
droplets is 100%. However, when the droplets contain soluble compo-
nents, the mass fraction of water in the droplets decreases, leading to a
corresponding decrease in the equilibrium RH. In the case of water
droplets containing soluble components, if the environmental RH
drops below a critical threshold, the droplets will undergo crystalliza-
tion and continue to evaporate until only solid particles remain.

This behavior explains the differences in the deposition fraction
between the saline solution and DEHS droplets. As the saline solution
droplets interact with the environment, undergoing evaporation and
potential crystallization, the deposition fraction trends differ from the
more stable and non-evaporating DEHS droplets.

Although the temperature and humidity conditions were con-
trolled during the deposition experiments, non-uniformity would
occur in the processes of nebulization, droplet transport, and evapora-
tion within the MT model. The current experimental setup is unable
to describe the non-uniform humidity distribution. Therefore, for the-
oretical analysis, we assume an idealized uniform droplet evaporation
process. Assuming that the physiologic saline aerosol is uniformly dis-
tributed in the inhaled air, and all droplets evaporate into saturated
saline (corresponding to an equilibrium RH of 76%), the air humidity
under different inhalation flow rates of 15, 22.5, 30, 45, and 60 l/min
for VMN1 will reach 140.7%, 110.5%, 95.4%, 80.3%, and 72.7%,
respectively. Similarly, for VMN2, the corresponding air humidities
will be 109.6%, 89.7%, 79.8%, 69.9%, and 64.9% under the same inha-
lation flow rates.

Under the predicted conditions of VMN1 at 60 l/min and VMN2
at 45 and 60 l/min, the ambient air relative humidity (RH) falls below
the critical threshold of 76%, indicating that the droplets will continue
to evaporate, resulting in crystal precipitation. Even if we assume that
the 0.35 g/min aerosol generated by VMN1 and the 0.23 g/min aerosol
generated by VMN2 are composed of pure water and completely evap-
orate, the resulting increase in ambient air RH would only be 73.2%,
70.4%, and 65.3%, respectively, for VMN1 at 60 l/min, VMN2 at 45
l/min, and VMN2 at 60 l/min conditions. Therefore, it is likely that the
droplets in these scenarios will fully evaporate during the transport
process. For the other conditions, the droplets may reach an equilib-
rium state with the ambient air between the predicted ambient RH
and 76%. However, it is essential to note that in the actual experimen-
tal process, the distribution of droplets in the MT model is non-
uniform, leading to regions with varying RH values. To provide a
more detailed analysis, computational fluid-particle dynamics (CFPD)
are required, involving two-way coupled mass transfer between the
continuous and discrete phases.

Based on the estimated evaporation of droplets and changes in
RH of the inhaled air, we can explain the variations in nebulized drop-
let DF in the MT model. At an inhalation flow rate of 15 l/min, droplet
evaporation is suppressed, resulting in larger droplet diameters and
higher inertia. Gravity settling has a more pronounced effect at lower

inhalation flow rates, leading to higher deposition fractions. VMN1,
with its higher nebulization rate andMMAD, exhibits a higher deposi-
tion fraction of 32.36%, whereas VMN2 has a lower deposition frac-
tion of 15.25%. As the inhalation flow rate gradually increases to 30
l/min, droplet evaporation becomes more complete, and the droplet
diameter decreases. This allows the droplets to follow the airflow more
effectively and exit the MT model, resulting in gradual decreases in
deposition fractions for both VMN1 and VMN2. At this point, the
deposition fractions for VMN1 and VMN2 decrease to 9.22% and
8.49%, respectively. When the inhalation flow rate further increases to
60 l/min, the droplets can almost completely evaporate into particles.
Although the particle mass remains nearly constant, the increased
velocity leads to higher inertia and, consequently, higher deposition
fractions. The deposition fractions for VMN1 and VMN2 gradually
increase to 34.72% and 20.57%, respectively. Considering that the typi-
cal inhalation flow rate during rest is around 15 l/min, the flow rate
during drug administration may be even lower. Therefore, to improve
pulmonary drug delivery efficiency within an acceptable nebulization
time, a lower nebulization rate similar to VMN2 can be advantageous.

The experimental results discussed earlier can provide valuable
insight for optimizing the operating parameters of nebulizers and
enhancing the efficiency of pulmonary drug or vaccine delivery, with a
particular focus on mesh nebulizers. These nebulizers typically have a
current mass median aerodynamic diameter (MMAD) between 4 and
5lm. To achieve optimal pulmonary delivery efficiency of inhaled
drugs or vaccines, several factors should be considered.

First, controlling the temperature and humidity of the inhaled air
is crucial as it affects droplet evaporation and influences droplet size.
Achieving appropriate conditions for droplet evaporation can lead to a
reduction in the droplet size to the desired range of 1–3lm. This size
range is advantageous for minimizing deposition in the oropharyngeal
region and enhancing lung delivery efficiency. Previous experiments
have shown that the deposition fraction of droplets generated by the
nebulizer in the idealized MTmodel is influenced by the ambient tem-
perature and humidity. It has been observed that in high-temperature
and high-humidity environments, the deposition fraction is higher
compared to indoor environments.24

The composition and dosage of the drug or vaccine should also
be carefully considered, as different substances may have varying evap-
oration characteristics and optimal droplet sizes for effective delivery.
Furthermore, understanding the inhalation flow rate of the users is
crucial for optimizing delivery. Fine-tuning parameters, such as nebu-
lization rate, droplet size, and inhalation, technique to match the pre-
ferred inhalation flow rate can ensure efficient drug or vaccine
delivery.

In addition to these considerations, it is crucial to account for the
realistic temperature and humidity conditions of the human airway
during nebulizer optimization. The human respiratory tract has a
higher temperature than the ambient air, and the presence of a
mucous layer on the respiratory tract surface leads to humidification
and heating of the inhaled air. As a result, the degree of evaporation of
droplets in the extrathoracic airway will be reduced compared to the
experimental results presented here. Therefore, when optimizing the
nebulizer’s output for a certain inspiratory flow rate, it is necessary to
further reduce the nebulization rate based on the considerations of
realistic airway conditions. To achieve a more detailed and quantitative
analysis, numerical simulations might be required, which consider the
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airflow dynamics and heat and mass transfer phenomena at the
boundaries of the real respiratory tract geometry.

By considering and optimizing factors, such as temperature,
humidity, drug formulation, dosage, and inhalation flow rate, it is pos-
sible to enhance the pulmonary delivery efficiency of inhaled drugs or
vaccines. These optimizations can lead to improved therapeutic out-
comes and better patient experiences.

B. Deposition pattern
Figure 8 visualizes the deposition patterns of VMN1 and VMN2

in the idealized MT model at different inhalation flow rates. It should
be noted that to prevent coalescence and droplet dripping from the
model, the experimental durations varied slightly for different inhala-
tion flow rates. Consequently, the deposition patterns within each sub-
figure can describe the locations of droplet deposition and the relative

FIG. 8. Deposition patterns of nebulized droplets in an idealized MT model at different inhalation flow rates: (a) VMN1 at 15 l/min; (b) VMN2 at 15 l/min; (c) VMN1 at 22.5 l/
min; (d) VMN2 at 22.5 l/min; (e) VMN1 at 30 l/min; (f) VMN2 at 30 l/min; (g) VMN1 at 45 l/min; (h) VMN2 at 45 l/min; (i) VMN1 at 60 l/min; and (j) VMN2 at 60 l/min.
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deposition amounts under their respective operating conditions, with
brighter fluorescence indicating higher deposition amounts. However,
it is currently challenging to compare the absolute deposited droplet
mass between the different subfigures.

Overall, the deposition patterns of VMN1 and VMN2 are similar,
with slight variations observed at each flow rate. Under the 15 l/min
inhalation condition, there are substantial and relatively uniform dep-
ositions of droplets in the middle and lower regions of the oral cavity
[see Figs. 8(a) and 8(b)]. This observation suggests that the droplets
are relatively large and are primarily influenced by gravitational sedi-
mentation and secondary flows, causing them to disperse, settle, and
deposit at the bottom part of the oral cavity. Additionally, some depos-
ited droplets are observed in locations extending from the oral cavity
to the anterior side of the oropharynx [see Fig. 8(a)]. However,
VMN2, with a smaller nebulization rate and MMAD, exhibits a
slightly different deposition pattern. As illustrated in Fig. 8(b), reduced
deposition is observed outside the oral cavity, indicating that the drop-
lets might efficiently follow the lower velocity airflow and exited the
MT model after passing through the oral cavity.

When the inhalation flow rate is increased to 22.5 l/min, droplet
deposition in the oral cavity starts to decrease, gradually extending
toward the anterior side of the oropharynx. There is less deposition of
droplets generated by VMN2 in the anterior oropharynx [see Fig.
8(d)], while the deposition area of VMN1 expands to the vertical seg-
ment of the pharynx [see Fig. 8(c)]. When the inspiratory flow rate is

further increased to 30 l/min [see Fig. 8(f)], an increased deposition of
droplets can be observed in the anterior oropharynx. The deposition
area expands circumferentially due to the influence of secondary
flow,54 occupying approximately half of the circumference of the oro-
pharynx. For VMN1 [see Fig. 8(e)], the deposition of droplets in this
region is even more pronounced, with higher fluorescence intensity
compared to the oral cavity region.

Figures 8(g) and 8(h) present the deposition patterns of fluores-
cent droplets at an inspiratory flow rate of 45 l/min. There is a signifi-
cant reduction in deposition within the oral cavity, with only a small
amount of deposition observed at the bottom. A large number of
droplets deposited in the oropharyngeal region, covering almost the
entire circumference. This is depicted in Figs. 8(i) and 8(j). The results
indicate that as the inspiratory flow rate increases, the distribution of
deposited droplets shifts from the oral cavity toward the oropharynx
and larynx, highlighting the importance of flow dynamics in determin-
ing the deposition patterns of inhaled droplets.

However, it is important to acknowledge that the measured depo-
sition patterns in our experiment may differ significantly from the
droplet transport and deposition results obtained from one-way cou-
pled Euler–Lagrange simulations.55,56 The one-way coupled
Euler–Lagrange simulation results are unable to capture the influence
of droplet evaporation on the humidity of the inhaled air, thereby
incapable of predicting the scenario where droplets reach equilibrium
and further evaporation is inhibited due to increased environmental

FIG. 8. (Continued.)
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humidity. Although it is technically feasible to modify the computa-
tional model and include two-way coupling between the Eulerian
phase (airflow) and Lagrangian phase (individual droplets), simulating
the movement, evaporation, and deposition of a large number of indi-
vidual droplets, as observed in this experiment, presents significant
computational challenges. For example, assuming a nebulization vol-
ume rate of 0.22ml/min and droplets with an average size of 5lm,
approximately 50 � 106 droplets would be nebulized per second. The
computational complexity and memory requirements would escalate
significantly, rendering such a simulation infeasible within reasonable
time constraints.

The idealized MTmodel used in this study can mimic total depo-
sition in the extrathoracic region. However, it is essential to acknowl-
edge that the deposition locations of droplets within this idealized
model may differ from those in the actual respiratory airways due to
the model’s simplified internal structure, which reduces the complexity
of airflow. To gain a comprehensive understanding of aerosol deposi-
tion in the human respiratory system, it is necessary to conduct further
experimental and numerical studies that investigate the deposition of
aerosol droplets in the actual human respiratory airways.

Nevertheless, the experimental results, including deposition frac-
tions and deposition patterns of nebulized droplets, serve as reliable
validation data for numerical simulation studies. Building upon this
validated model, numerical simulations can further consider the influ-
ence of warm and humid airway boundaries and the complexities of
respiratory tract geometry. By incorporating these factors, we can
enhance the predictive capabilities of numerical simulations in simu-
lating the actual process of nebulized drug delivery under realistic
respiratory conditions.

By visually observing the deposition locations of droplets, this
experimental method can be applied to the optimization of inhalation
devices. It allows for quick identification of specific structural features
that may need fine-tuning to enhance the deposition fraction in tar-
geted areas. Furthermore, this experimental method also has the
potential to be extended to in vitro experiments with exhaled aerosols,
enabling the assessment of exposure risks in different scenarios.

IV. CONCLUSIONS

In this study, we conducted deposition experiments of nebulized
droplets in an idealized MT airway model using custom VMNs. These
experiments were performed at five flow rates ranging from 15 to 60 l/
min, employing two VMNs. A novel method was proposed to measure
the deposition fractions and deposition patterns of the nebulized drop-
lets simultaneously. To our knowledge, this method represents a pio-
neering experimental approach that enables simultaneous acquisition
of regional and local deposition information. Based on the experimen-
tal results, the following conclusions were drawn:

1. The utilization of a normal saline solution containing fluorescein
as the nebulization solution enabled visualization of the deposi-
tion patterns in the airway model under UV light. By measuring
the fluorescence intensity or absorbance of the rinsate from each
experimental component, we accurately obtained both the depo-
sition pattern and deposition fraction of nebulized droplets
within a single experiment.

2. Both VMN1 and VMN2, which have the same structure but dif-
ferent numbers of orifices, exhibited a decrease, followed by an

increase in the deposition fraction with increasing inspiratory
flow rate.

3. VMN1 with 1200 orifices had a lower nebulization rate, MMAD,
and DF compared to VMN2 with 700 orifices. This indicates
that within an appropriate nebulization time, a lower nebuliza-
tion rate can improve the pulmonary drug delivery efficiency.

4. With the increment of inspiratory flow rate, the deposition of
aerosol droplets shifted from the oral region of the idealized MT
model to the pharyngeal region.
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