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ABSTRACT

Atomization has been widely applied in pulmonary drug de-
livery as a promising technology to transport drug formulations
directly to the respiratory tract in the form of inhaled particles
or droplets. Because of the targeted treatment, the drug can be
delivered directly to the site of inflammation, thus the need for
systemic exposure and the possibility of side effects are both re-
duced. Therefore pulmonary drug delivery has significant ad-
vantages over other methods in the treatment of respiratory dis-
eases such as asthma. The most common atomization methods
employed in pulmonary drug delivery are jet atomization and
ultrasonic atomization. However, the difficulty is in producing
monodispersed particles/droplets in a size range of 1–5 micron
meter in diameter, necessary for deposition in the targeted lung
area or lower respiratory airways, within a controllable fashion.
In this paper, we demonstrate surface acoustic wave (SAW) at-
omization as an efficient technique to generate monodispersed
aerosol to produce the required size distribution. The SAW atom-
izer is made of a 127.86 Y-X rotated single-crystal lithium nio-
bate piezoelectric substrate, which is patterned with chromium-
aluminum interdigital transducer (IDT) electrodes via UV lithog-
raphy. When an alternating electric field is applied onto lithium
niobate substrate through the IDT, a SAW, propagating across
substrate surface with ten nanometer order amplitudes, is gen-
erated. When the SAW meets the liquid which is placed upon
substrate, the acoustic energy carried by the wave induces at-
omization of the working fluid, which contains salbutamol as a

model drug. In order to measure the size distribution of the at-
omized droplets, two methods are used. One is the laser diffrac-
tion based Spraytec technique and the other is an in-vitro lung
modelthe one stage glass twin impinger. The former revealed
that the mean diameter of the aerosol atomized was around 3
um which were confirmed by the lung model that demonstrated
that nearly 80% of atomized drug aerosol was deposited in the
simulated lung area. Moreover, the SAW atomizer only requires
1–3 W driving power, suggesting that it can be miniaturized for
portable consumer use.

INTRODUCTION
Asthma is a chronic inflammatory disorder that is associated

with an excessive number of lymphocytes and eosinophil cells
in the airway walls [1, 2]. This airway inflammation narrows the
respiratory tract and causes airflow blockage or obstruction dur-
ing the human respiration process. Pulmonary drug delivery is
believed to be an efficient way to treat local lung/chest abnor-
malities, such as asthma. Because of the direct target treatment,
the inhaled drugs are able to react rapidly at the infected local
area with reduced doses and also cause less systemic side ef-
fects, comparing to other drug delivery techniques, such as oral
and parenteral. [3]. For inhalation therapy to be most effec-
tive, the drug-laden aerosols must be deposited predominantly
at the inflammation sites of the lung. The inflammation related
cells, for example, eosinophil cells, were found in every part of
the lung area, from the bronchi to the alveoli, when asthma oc-
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curred [4–6]. Therefore, a drug delivery system which enable the
produced aerosol be deposited throughout the respiratory tract,
from bronchi to alveoli, is recommended [2].

Comparing to metered dose inhalers (MDIs), nebulizer have
been shown to deliver more drug. Furthermore, unlike MDIs,
nebulizers do not require user intervention, and so nebulizers are
commonly used in acute COPD or severe asthma attacks where
the patient is unable to self-medicate with an MDI [7]. Jet nebu-
lizers and ultrasonic nebulizers [8,9] have been the most common
used techniques to produce aerosols for pulmonary drug delivery
usage. Jet nebulizers force the pressurized gas through an ori-
fice from a narrow capillary tube to generate droplets. But jet
nebulizers have poor performances in producing monodispersed
aerosol within required size distribution, and can only delivery
limited number of droplets in a short time. Ultrasonic nebulizers
contain a piezoelectric element, which is powered by an alternat-
ing electric current at a frequency normally between 1 MHz–3
MHz. Drug solutions are usually filled into a reservoir which
is placed on the piezoelectric element. Under a sufficient power
supply the piezoelectric element, vibrating in a thickness piston
mode, is able to induce capillary destabilization of the drug so-
lutions, eventually breaking up the capillary wave and generat-
ing large amount of drug aerosol. However, ultrasonic nebuliz-
ers also have a number of deficiencies, the need to be miniatur-
ized, high electrical power requirements (10 W), and most im-
portantly, the precipitated drug loss in the reservoir due to the
evaporation of solvents [9]. Despite these flaws, ultrasonic at-
omizers are still the most popular nebulizers in the market of
asthma treatment, because of a great demand from number of
asthma patients, who require the rapid action of drugs in the lo-
cal area that only the atomization based inhalation therapy can
provide. As far as the disadvantages described above in exis-
tence, in addition with the high standard requirements of pul-
monary administration, the efforts that have been putting into
developing new techniques to produce the required aerosol for
the inhalation therapy have never stopped. In recent years, a
new technology has been developed. Electro-hydrodynamic at-
omization, also called electrospray, becomes an interest in the
field of producing monodispersed particels/aerosol for medical
purposes. Electro-hydrodynamic atomization applies the electric
field on a nozzle, to where a liquid is supplied. The electric stress
overcomes the surface tension of the liquid and in turn forms the
jet which breaks up into microsized aerosols [10, 11]. This tech-
nology has been shown to be able to generate controllable aerosol
in the range of 2-3.5 µm . However, the requirement of an elec-
trical charge is up to kilo-volts range [12] which greatly hinders
this technology from being commercialized in the short term.

We aim at using surface acoustic wave (SAW) induced atom-
ization to produce narrow-polydispersed aerosol for pulmonary
drug delivery, specialized in asthma treatment. SAW atomizers
efficiently generate aerosol with controllable sizes, and more im-
portantly, only require 1—3 W power input. This enables the

SAW atomizer be driven by a small scale circuit and to be minia-
turized to a portable dimension that is much smaller than other
nebulizers.

SAW is a transverse-axial elliptical electroacoustic acous-
tic wave with nanometer-order amplitude, traveling across the
single-crystal piezoelectric substrate. Its amplitude decays as
the substrate depth increases. SAW has been employed in the
telecommunication industry for RF signal processing and filter-
ing for over four decades [13, 14], however, it had not been em-
ployed to produce aerosol with micron or submicron size par-
ticles until the last ten years, when the researches showed its
promising ability in atomization [15, 16].

Figure 1(a) is an image of the SAW device, which has a
pair of aluminium-chromium interdigital transducers (IDTs) was
sputtered (Hummer Triple-target Sputter System) onto a 128◦ Y
cut X propagation Lithium Niobite (LiNbO3) piezoelectric sub-
strate surface. The AC power is supplied through the IDT elec-
trodes and induces a Rayleigh wave, as shown in Fig. 1(b) and
(c), which propagates along the substrate. Compared to other
atomizers, the SAW atomizer runs at much higher frequencies,
5-500 MHz. Under the sufficient electrical excitation, the dis-
placement amplitude of the LiNbO3 substrate surface is only ap-
proximately 10 nm in a single period. However, because of the
high excitation frequency, for example, from a 10 MHz SAW
device, the acceleration can approach 107 m/s2 with power re-
quirement of only a few watts. Once a liquid is placed on this
surface, SAWs with this huge acceleration propagate into the liq-
uid and can subsequently induce the violent vibration of the drop.
When the capillary destabilization of the drop is sufficient, cap-
illary breakup occurs, inducing atomization.

When a SAW travels across the piezoelectric substrate and
meets the liquid which is placed upon the substrate, the var-
ied propagation speeds in different medias, piezoelectric sub-
strate and water, cause the SAW to leak into the liquid with
an angle known as Rayleigh angle, the value of which is given
by sin−1(cl/cR), where cl and cR are the propagation speed
of Rayleigh wave and the acoustic wave in the liquid, respec-
tively. Thus, as shown in Fig. 1(c), the horizontal component of
the excitation becomes the source of a phenomenon known as
SAW streaming [17, 18], while the vertical component induces
the capillary destabilization and breakup. Our early research
[19] demonstrated that the atomized aerosol diameter, which is
closely associated with the capillary wavelength, was largely de-
termined by the competition between the liquid’s surface tension
and either the viscosity or the inertial force. Theoretically, the
diameters of the aerosols are in the range of 1-10 µm, which
makes the SAW atomization capable of delivering the drug par-
ticles within required size distribution into the respiratory tract.
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Figure 1. (a) A photograph of a typical 20 MHz SAW device/atomizer. (b)
A schematic of SAW device shows the IDT electrodes patterned on the
piezoelectric (LiNbO3) substrate. A RF power source supplies the atom-
izer with an alternating power via the electrodes and excites the surface
acoustic wave (SAW) on the substrate. (c) is an image demonstrates SAW
leaks into a liquid and induces the capillary destabilization and breakup,
where atomization starts.

1 Methods
1.1 Drug Solutions

This study aimed at developing a SAW atomizer that can be
used for the treatment of asthma. We employed salbutamol as a
model drug in our experiments. Salbutamol is insoluble in water,
but freely dissolved in alcohol, two kinds of alcohol, ethanol and
octanol, were used as solvents. Although the toxicity of octanol
has not been clearly stated, and its possible ataractic effect should
also be carefully noted [20], it has been proven to be an efficient
therapeutic agent in treating acute pulmonary edema in humans
[21, 22], and also a promising compound, in combination with
other drugs, to be applied on aerosol therapy for lung related
diseases [23].

1.2 Aerosol Characterization
There are numbers of biophysical parameters that affect the

regional deposition of particles/aerosol [24], however, we can
only control the aerodynamic particle behavior in the develop-
ment of the SAW atomizer. Specifically, our focus is on obtaining
the optimal aerodynamic size distribution to achieve the maxi-

mum deposition of drug particles in the target area. Other pa-
rameters, determined by the patients’ individual differences (eg.
the breathing pattern and airway anatomy), will be considered in
the future work when the relevant in-vivo pharmaceutical study
is commenced.

Three modes of deposition are dominated in the respira-
tory airway: the inertia caused impaction, the gravity caused
sedimentation and the molecular collision caused diffusion [25].
The deposition of particles with an aerodynamic diameter greater
than 3 µm is mainly controlled by the impaction due to their con-
siderable inertial effects, while the sedimentation affects parti-
cles bigger than 1 µm. More specifically, the greater the size is,
the higher the possibility is that the aerosols to be deposited in
the central airways, or even extrathoracic areas. In contrast, dif-
fusion only affects particles with an aerodynamic size less than 1
µm. These particles are able to pass through the narrow, tightly
curved airways and travel into the deep lung by ideally follow-
ing the breathing air streams. There is also a high possibility
that the particles/aerosol that are far less than 0.5 µm can also
be exhaled by following the exhalation streamlines before they
can reach and deposit on the airway walls. Therefore, the parti-
cles/droplets deposition positions are closely determined by their
aerodynamic sizes at a specified air flow rate [24, 26].

To obtain the aerosol size distribution, we used the laser
diffraction based Spraytec (Malvern, UK.) system. The embed-
ded aerosol sizing measurement covers a wide range of particle
sizes from 0.1-2000 µm, which includes the estimated range (1-
10 µm) of the aerosol produced by the SAW atomizer.

Furthermore, we employed high-speed camera (Mikrotron,
Germany) to record the atomization process. The purpose of
this visualization was to provide data on the capillary breakup
and droplet formation dynamics to help control the aerosol-
generation qualities, for example, size distribution and atomiza-
tion rate.

1.3 Lung model
A one-stage glass twin impinger, was employed to simulate

human pulmonary system as a pharmaceutical standard [27]. As
shown in Fig. 2, “A” and “B” represent the oral area and trachea
respectively, while the bottom glass, “C” (from “C1” to “C2”),
is the area that simulates the targeted lung [27–29]. As albuterol
and octanol are immiscible with water, 7 ml and 30 ml of ethanol,
instead of water being proposed in [27], were placed in “B” and
“C” respectively to model the lung humidity. When an airflow
of 60 Lmin−1 airflow is provided, droplets/particles with an aero-
dynamic diameter greater than 5.8 µm are deposited on the upper
airway wall [30]-“A” and “B”-due to the considerable inertial
effect [24]. Droplets/particles with aerodynamic diameter be-
low 5.8 µm are deposited in the lower airways, even deep lung
(eg. alveoli), either due to the molecules collision caused diffu-
sion or gravity caused sedimentation [24]. The amount of parti-
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cles/aerosol deposited from “C1” to “C2” area is considered as
the lung dose, and the total volume of drug solution originally
placed upon the atomizer is defined as the theoretical dose.

A

B

C2

C1

SAW
device<5.8 um

30 ml solvent

7 ml solvent

Figure 2. An image shows an ex vivo lung model—a one-stage glass
twin impinger—employed in the experiments. A vacuum pump was con-
nected to the impinger at the marked position. A SAW atomizer is placed
at the entrance (mouth) of the impinger.

2 Results and Discussion
2.1 Aerosol size distribution and characterization

Figure 3 clearly shows the size distribution based on num-
ber (Fig. 3(a)) and volume (Fig. 3(b)). Dn(90) and Dv(90),
which stand for the mean diameters of droplets of which the
number/volume account for 90% of total number/voulme of
droplets. According to the data recorded, we have obtained a
good aerosol size distribution as Dn(90)= 3.62± 0.75µm and
Dv(90)= 4.64±0.45µm.

A group of images shown in Fig. 4 illustrates the atomization
process well. Fig. 4(a) and (b) show the liquid produced higher
density monodispersed droplets when the atomization was driven
at a relatively low power (∼1.5 W), compared to the power con-
sumption (>2 W) in the following images, Fig. 4(c)—(d). With
low power, there may still be larger jumping drops, for example
in Fig. 4(b). However, their occurrence was much less frequent
than in the tests that used a higher input power. When the power
was increased to approximately 2.2 W, as shown in Fig. 4(c),
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Figure 3. Albuterol-Octanol atomization: aerosol size distribution ac-
quired by using laser diffraction based Spraytec instrument. (a) is the
size distribution based on aerosol number and (b) is the size distribution
based on aerosol volume. The column represents the number/volume of
aerosols within different size bins with respect to the total number/volume
of aerosols detected. The curve is the cumulative number/volume frac-
tion.

the liquid was more likely to form a conical shaped drop and
produce larger droplets. From these images, it is easy to dis-
tinguish that the smaller droplets were formed out of the liquid
film while the larger droplets were pinched off from the conical
shaped drop, which had stronger capillary curvatures. When the
power was increased to 2.8 W (Fig. 4(d), the trend continued,
showing that the large jumping drops appearing more frequently
and their sizes also increasing.

The larger droplets occur due to the relatively larger capil-
lary wavelength, or stronger capillary curvatures, arising when
the parent liquid is in a shape of a thick drop instead of a thinner
film, as suggested by the equation below:

D∼ λ∼ γH2

µ f L2 , (1)

where λ and µ are the surface tension and viscosity, respectively,
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Figure 4. Atomization captured by a high speed camera (3047fps). (a)
Atomization is driven at a low power (1.5 W). The image shows the mist is
a monodispersed aerosol. Few large jumping droplets appearing at this
power. (c) With an increase in power (2.2 W), a great number of large
aerosols appeared (∼10 µm). (d) With a further increase in power (2.8
W), the appearance of large jumping droplets (∼100 µm) becomes far
more frequent. From (c)∼(d), the monodispersed aerosol (∼1 µm), is
generated from the liquid film. The liquid used during this experiment is
octanol.

f is the capillary frequency, H and L stand for the liquid film’s
height and length respectively [19]. Eq. 1 suggests that a thick
drop, with a high height-to-length ratio, will form large droplets.
In contrast, a thin liquid film, with a low height-to-length ra-
tio, generates much smaller droplets. This phenomenon can be
avoided by applying relatively lower power. If the power is very
high, the parent liquid is pushed very quickly by the propagat-
ing SAW to the edge of the substrate and forms a conical shaped
drop rather than spreading out into a thin film.

Due to gravity, the large jumping drops, which are too
weighty to be transported into the respiratory tract by the air-
flow, fall back to the device area, or stop at the entrance of the
“mouth”. However, it is possible to trap these droplets by using
a baffle or a fine mesh, similar to the ones usually employed in
the jet-nebulizer [9]. Therefore, we assumed that droplets with
aerodynamic diameter larger than 100 µm would be trapped by
the baffle. According to the computational lung model reported
in [24, 26], within a slow breath pattern—or low air flow rate
fashion, for example, 200 ml/s—the particles with aerodynamic
diameters smaller than 7 µm have a higher possibility to be de-
posited in the lung area (bronchi and alveoli), rather than in the
extrathoracic area. In comparison, if within a fast breathing pat-
tern, for example 1000 ml/s, the aerodynamic diameter, as a turn-

ing point, decreases from 7 µm to around 5 µm. Our results
are therefore clearly encouraging—90% of the total volume of
aerosol produced are in the form of droplets with aerodynamic
diameters below 5 µm, which ensure a high drug deposition in
human lung.

From Eq. 1, the aerosol size is also controlled by the ratio
of a solution’s surface tension and viscosity. Therefore, by re-
placing the 100% octanol solvent with a mixture of 50% octanol
and 50% ethanol, the quantity of droplets with an aerodynamic
diameter >10 µm increases. This is confirmed and supported by
the results shown in Fig. 5. The latter shows that the ethanol
(Fig. 5(a)) produced a lower density of mist and relatively larger
droplets than the octanol solution (Fig. 5(b)). Both tests were
driven at the same power—1.5 W—on the same atomizer.

Figure 5. The atomization of albuterol-ethanol solution, shown in (a),
produced more larger droplets than albuterol-octanol solution did in (b).

2.2 The Lung Model and Doses
Calibration The emitted dose, and the lung dose are the

two main factors that must be carefully considered, not only be-
cause they are the criterions by which the efficiency of the drug
delivery atomizer is judged, but more importantly, are also the
guide of pulmonary drug administration for clinical practise pur-
pose. The emitted dose is defined as the true amount of drug
solution that is atomized and leaves the atomizer. It equals to
the theoretical dose minus the loss on the SAW atomizer. The
lung dose stands for the quantity of drug particles that can be
transported to the target lung area and absorbed to take effect
appropriately [25].
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By comparing the particle amount collected in the ”C” area
with the theoretical dose placed on the atomizer, we were able to
evaluate the lung dose. UV spectrophotometry (Cary 300) was
employed to test the drug concentration and obtain drug doses.
Fig. 6 is the UV absorption of a group of standard albuterol so-
lutions. It can be seen that albuterol absorbs UV light at 224nm,
278 nm respectively, with the amount of albuterol linearly re-
lated to the UV absorption. We obtained a calibration map as il-
lustrated in the inset, where “x” axis represents the drug amount
while “A” and “B” are the UV absorption at 278 nm and 224 nm
respectively. We atomized a group of albuterol-octanol solutions
and collected the aerosol in each stage of the glass impinger. By
applying the UV spectrophotometry on collected solutions from
the glass impinger (“A”,“B” and “C”), the amount of atomized
drugs can be obtained by comparing the absorption values to ei-
ther of the two linear calibration formulas (curve “A” or “B”).
Theoretically speaking, when the UV absorption is known, we
can apply either of these two formulas and acquire the same drug
concentration. However, during our experiments, suggested by
the calibration we obtained, when both peak appeared, applying
the absorption data at 278 nm was recommended, since curve
“A”, with higher value of R2, had a smaller fitting error com-
pared to the other, curve “B”. In other conditions, for example,
testing low concentration solutions, of which the absorptions at
278 nm were too low to be seen, we applied curve “B” instead.
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Figure 6. Varied UV absorptions of a group of drug solutions with dif-
ferent albuterol/salbutamol concentrations. It shows there’re two peaks of
absorption, one peak is around 224 nm and another is at 278 nm. Inset
(right) is the calibration showing the relationship between the UV absorp-
tion and albuterol concentration.

The Doses Octanol was employed as the solvent as its
use was expected to result in a low drug loss. A comparison of
atomization using different solvents, such as ethanol and ethanol-
water mixture, showed drug loss to be related to the solvent evap-
oration. As SAWs excite the liquid and destabilize the capillary

waves, the liquid spreads into a thin film, as a precursor to at-
omization commencement. A thin film liquid is easier to atom-
ize than a drop shaped liquid, because less energy will lost due
to the damping effect of viscosity. However, the thin film also
evaporates very quickly on the other hand. Thus, the most likely
situation is that the evaporation of the solvent starts before the
atomization commencing, which leaves the solution to become
more and more saturated until the drug particles finally precipi-
tated to the atomizer surface. Experimental results revealed that
the amount of drugs lost on the atomizer decreased dramatically
from more than 80% to less than 10% in average, when ethanol
was replaced with octanol, a less evaporable fluid. Fig. 7 is a
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Figure 7. The schematic relationships among the atomization factors,
the ratio of different doses to the theoretical dose or mouth dose, the
equilibrium flow rate and power.

schematic graph showing all the relationships among the exci-
tation power, equilibrium flow rate, and the ratio of doses with
respect to either the theoretical dose or the mouth dose. The equi-
librium flow rate, being controlled by an external syringe pump,
is not the true atomization rate. The syringe pump provided the
atomizer with a continues flow and the speed of which was ad-
justed to keep the atomization volume on the atomizer constant.
The data is shown with error bars and the trendlines are drawn to
help visualize the variation trends.

The distance between curve “x1” and 100% horizon stands
for the precipitate lost. This, in terms of percentage, is the quan-
tity drug particles left on the atomizer surface with respect to the
theoretical amount of drug solution to be atomized. During the
atomization, the “emitted dose-to-theoretical dose” ratio, “x1”,
has a stable increase with the increase in power. However, this
increasing power results in more jumping drops on the other hand
(Fig. 4c-d). Therefore, the “lung deposition-to-theoretical dose”
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ratio, instead of having a parallel increase as the former, drops
sharply with this increase in power, see curve “c”. Curve “b”,
which has a much slighter increase, when compared to “a”, rep-
resents the ratio of the lung dose to the mouth dose, and the latter
equals to the emitted dose minuses the total volume of the large
jumping drops. Even though the effect from the jumping drops
has been excluded, comparing “a”, the flatter slope of “b” means
the lung deposition does not grow equally to the emitted dose,
which can be explained by the phenomena shown in (Fig. 4c-d).
These pictures clearly show that the higher power helps to in-
crease the emitted dose and equilibrium flow rate (“d”) on one
hand, but introduces a higher probability of inducing stronger
capillary curvatures on the other hand. These strong curvatures
result in more large droplets (∼10 µm) pinched off and, in turn,
produces relatively less fine particles/droplets.

3 Conclusion
We have presented that SAW atomization is a promising

technology to be applied on inhaled pulmonary drug delivery as
a potential nebulizer for asthma treatment. The advantages of
SAW atomizers includes a small scale dimension, low power re-
quirements and the high efficiency of producing monodispersed
aerosol with the required size distribution. In this study, both
the images captured from a high speed camera, and the results
obtained from the laser diffraction based Spraytec measurement,
show the aerosol produced by the SAW device to be within the
required range, and that the particle size can be controlled with
appropriate excitation power and solution properties. In addition,
the encouraging results demonstrated by the lung model, the one
stage twin impinger, provide considerable support for SAW at-
omization as a viable platform for pulmonary drug delivery.
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