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We investigated the fundamental aspects of droplet dispensing, which is an important procedure in the noncontact ultrasonic manipulation of
droplets in air. A holed reflector was used to dispense a droplet from a 27.4 kHz standing-wave acoustic field to a well. First, the relationship
between the hole diameter of the reflector and the acoustic radiation force acting on a levitated droplet was clarified by calculating the acoustic
impedance of the point just above the hole. When the hole diameter was half of (or equal to) the acoustic wavelength A, the acoustic radiation force
was ~80% (or 50%) of that without a hole. The maximal diameters of droplets levitated above the holes through flat and half-cylindrical reflectors
were then experimentally investigated. For instance, with the half-cylindrical reflector, the maximal diameter was 5.0 mm for a hole diameter of
6.0mm, and droplets were levitatable up to a hole diameter of 12mm (~A). © 2016 The Japan Society of Applied Physics

1. Introduction

The noncontact transport of small components, powders,
and droplets is an increasingly important technology in the
pharmaceutical industry as well as in new material science
and engineering. To date, various methods, such as those
using air pressure!’ and magnetic/electric fields,>> have been
studied. Compared with these methods, ultrasonic levitation,
which is based on the phenomenon of objects much smaller
than the wavelength of an acoustic standing wave being
trapped at the nodal points of the pressure field, has several
important advantages, such as tranquility, cost efficiency, and
applicability to nonelectric/magnetic objects, and thus, it
has attracted considerable attention.*'D In the meantime, the
ultrasonic manipulation of small particles or cells in liquid
has been extensively studied by many research groups.'>~4

Our research goal is to implement all the procedures of
noncontact transport of objects (especially droplets) in air
based on ultrasonics, to wit, injection, linear transport, direc-
tion switching, mixing, ejection, analysis, and dispensing, as
shown in Fig. 1. We can utilize a variety of ultrasonic tech-
nologies to handle small objects in air.">>> Although linear
transport,>*2% direction switching,”” mixing,?® and ejec-
tion?” have already been demonstrated, the other procedures
need to be studied to accomplish the goal.

We here focus on one of the important procedures of the
manipulation, i.e., droplet dispensing, the concept of which
is schematically shown in Fig. 2. A vibrating plate and a
reflector with some holes through it are employed to generate
an ultrasonic standing wave between them, and multiple
droplets are trapped at the nodal points. Then, by turning off
or lowering the vibration, the droplets are dispensed into a
microplate through the holes on the reflector. To realize this
concept, before performing the simultaneous dispensing of
multiple droplets, certain fundamental aspects, including the
acoustic radiation force acting on an object levitated above a
single hole as well as the maximal diameter of a droplet that
can be levitated, require clarification.

In this paper, we report results the of numerical simulations
of the relationship between the hole diameter of a reflector
and the acoustic radiation force acting on a levitated droplet,
as well as of an experimental investigation of the maximal
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Fig. 1. (Color online) Future vision of noncontact ultrasonic transport of
droplets.
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Fig. 2. (Color online) Conceptual setup of multiple-droplet dispensing

system. BLT: bolt-clamped Langevin-type transducer.

diameters of droplets that can be levitated above holes on
reflectors with two different shapes. First, by applying a
finite-element method (FEM) to a model comprising a flat
reflector and a transducer, we calculate the acoustic imped-
ance of the point just above a hole, based on which the
reflectivity of the holed reflector is plotted as a function of
hole diameter. The trend of the acoustic radiation force acting
on a levitated object with respect to the hole diameter is then
investigated. Subsequently, to verify whether the FEM results
hold true even when the disturbance of the acoustic field by a
levitated object is considered, we experimentally investigate
the minimal vibration velocity of a transducer required to
levitate a polystyrene sphere and the maximal diameter of a
droplet levitated just above a hole. Here, we utilize not only
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Fig. 3. (Color online) Axis-symmetric models used in (a) experiments

and (b) simulation.

a flat reflector but also a half-cylindrical reflector, with
which higher-pressure standing waves can be excited.?® The
obtained simulation and experimental results are compared
and discussed.

2. Simulation

To generate acoustic standing waves, the reflectivity of the
reflector needs to be sufficiently high. We therefore need
to investigate the effect of a hole on the reflector. Here, using
an FEM (ANSYS Mechanical APDL 14.5), we calculated
the acoustic impedance of the point just above a hole on a
flat reflector to investigate the relationship between the hole
diameter and the acoustic radiation force acting on a levitated
droplet. An axis-symmetrical model containing a flat reflector
with a hole and a vibrator was employed, as shown in
Figs. 3(a) and 3(b). (Note that, owing to a high computational
cost, it is practically difficult to employ a non-axis-sym-
metrical model if a middle-class personal computer is used.)
We assumed a horn of 30.0 mm diameter to be vibrating at
27.4kHz with a maximal zero-to-peak velocity of 0.75m/s,
the sound speed in air (c) to be 340 m/s, and the air density (p)
to be 1.2 kg/m?>. The physical parameters, with the exception
of the hole diameter of the reflector, are treated as constants
because the acoustic impedance is affected by the other
parameters, such as the vibrator-reflector interval. The square
mesh size for calculation was set to 0.5 mm. The acoustic
impedance at each element just above the hole, which is

expressed as the acoustic pressure divided by the particle
velocity of air in the vertical direction,’® was calculated as a
function of hole diameter. The dependence of the acoustic
impedance above the hole, Z,, on the hole diameter was then
calculated by taking an area-based weighted average using the
following equation:

N 72

7=y =0, (1)

n=1 Ty
where L is the square mesh size, ry is the hole radius (unit:
mm), Z, is the acoustic impedance of the n-th mesh from the
symmetric axis (n = 1,2,...,N, where N = r/L).

Figure 4(a) shows the result, in which the horizontal axis
is the product of the wavenumber k and the hole diameter d,
and the vertical axis is Z; divided by the specific acoustic
impedance of air in free space, pc = 408kg/m?, so that the
values on both axes become nondimensional. With increasing
kd, the real part of Z, exceeded its imaginary part at kd ~ 2,
and then converged to 1, which is similar to that observed for
the radiation impedance with a hole.>" When kd is lower than
1, the imaginary part of the acoustic impedance is dominant,
resulting in the total reflection of the acoustic waves. This
indicates that the generated standing waves stably levitate
a droplet. The thickness of the reflector, i.e., the length of
the hole, generally plays a major role in determining the
difference between the acoustic impedance at the outlet of
the hole and that at the inlet. In this model, the length of the
hole (1.0 mm) corresponds to approximately 0.1 X 4, and has
almost no effect on the impedance.

Next, assuming that planar waves are radiated from the
end of the horn, we calculated the reflectivity of the holed
reflector within the diameter range of the horn. For this
purpose, we defined Z, as the absolute value of the acoustic
impedance of the point just above the reflector (by more than
0.5 mm), which is averaged over the diameter range of less
than 30.0 mm. We then plotted Z, as a function of kd, as
shown in Fig. 4(b). Here, Z, was calculated as

M 72

L*2n—1)

Z=) ———Zl @)
n=1 U

where r is the horn radius (unit: mm) and |Z,| is the absolute

value of the acoustic impedance of the n-th mesh from

the symmetric axis (n = 1,2,...,M, where M =r;/L). The
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Fig. 4.

(a) Acoustic impedance of the point 0—0.5 mm above the hole, Z;, divided by the specific acoustic impedance of air (pc) vs product of the

wavenumber k and hole diameter d. The solid and dashed lines indicate real and imaginary parts, respectively. (b) Absolute value of the acoustic impedance of
the point 0.5 mm above the hole (within the diameter range of less than 30.0 mm), Z,, vs kd. The dashed line indicates the pc value. (c) Square of the reflectivity

R vs kd.
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distance from the BLT horn.

specific acoustic impedance of air (pc), indicated by a dashed
line, was equal to Z, when kd = 8. This result indicates that
a standing wave cannot be excited when the diameter of the
holed reflector is larger than 1.3 X A. When the hole diameter
approached zero, the acoustic impedance converged to the
specific acoustic impedance of aluminum, which is the
material used for the reflector. The square of the reflectivity,
R = (Z. — pc)/(Z; + pc), was then plotted as a function of kd
using pc [Fig. 4(c)]. This result agrees with the trend of
the relationship between kd and the acoustic radiation force
F, acting on a levitated object because F, correlates with
R.>3233) With increasing kd, the levitation force decreased.
For example, when the hole diameter was half the wave-
length (kd = 3), the acoustic radiation force was approx-
imately 80% of that without a hole, while when the hole
diameter was identical to the wavelength (kd = 6), the radia-
tion force was 50% of that without a hole. This result indi-
cates that when the hole diameter is sufficiently small com-
pared with the wavelength, the generated acoustic field is a
standing wave, while when the hole diameter becomes larger,
the field contains a considerable traveling-wave component,
resulting in a reduced levitation force.

3. Experiments

Subsequently, we performed an experiment using two types
of reflectors, i.e., flat and half-cylindrical reflectors. The setup
of the former is shown in Fig. 3(a), while the setup and cross-
sectional view of the latter are depicted in Figs. 5(a) and 5(b),
respectively. A bolt-clamped Langevin transducer (BLT),
with a step horn with a step-up ratio of 1.8 and a radiation
surface diameter of 30.0 mm, was driven at 27.4kHz. An
acrylic half-cylindrical plate of 18 mm radius, through which
a hole was drilled, was employed as a reflector.”® Ethanol
was used as a droplet, which was manually injected above the
hole with a syringe.

To experimentally determine which of the two nodal
points should be used to levitate a droplet in the dispensing
system, using the half-cylindrical reflector, we measured the
acoustic pressure distribution along the vertical axis through
the hole using a 1/8-in. microphone (ACO 7118), when the
horn end was vibrating at a zero-to-peak velocity of 1.25 m/s,
as shown in Fig. 5(c). As this measurement was performed to
determine the position of the levitated object, the disturbance
of the acoustic field by the microphone was neglected. The
hole diameter was 7.0mm. As was expected, two nodal

067302-3

©

(Color online) (a) Experimental setup for dispensing a single droplet, (b) its cross-sectional view, and (c) measured sound pressure above the hole vs

points were observed. The lower nodal point at D = 10 mm
was selected as the position where the droplet would be
levitated, because the antinode at D = 12 mm was higher in
sound pressure, leading to a larger acoustic radiation force
and thus a more stable levitation.

To verify the simulation result [Fig. 4(c)], we then experi-
mentally investigated the minimal vibration velocity of
the transducer required for levitation and the relationship
between the hole diameter and the transducer-reflector inter-
val. The zero-to-peak vibration velocity was calculated from
the driving current using the force factor, equal to 0.59 N/V
for this transducer, as measured before the experiment.
Rather than ethanol, a polystyrene sphere of 2.5 mm diameter
was employed in this experiment for the following reasons:
(1) it is not nebulized, (2) it has constant volume, mass, and
surface area, and (3) it is sufficiently light to measure slight
changes in acoustic field. Using both types of reflectors, the
hole diameter was varied from 0 to 12.0mm in steps of
2.0mm. The transducer-reflector interval was set to three
different values with a step of 0.5mm, for which the
polystyrene sphere was levitated right above the hole with
any diameter. Note that objects occasionally avoid being
levitated above a hole.??

Figures 6(a) and 6(b) show the minimal vibration velocity
of the transducer plotted as a function of kd for the flat and
half-cylindrical reflectors, respectively. Points for which the
hole diameter was 0 mm were plotted as kd = 0.1. Generally,
the required velocity for the half-cylindrical reflector was
lower than that for the flat one, which is valid considering
the results in Ref. 26. As the hole diameter increased, the
minimal vibration velocity required to keep the object
levitated also increased. Particularly for the flat reflector,
when the hole diameter was larger than half the wavelength
(kd = 3), the required velocity was higher than that for
smaller holes. Regardless of reflector shape, a higher
vibration velocity was required when kd = 1 than that when
kd =2, which suggests that some resonance is induced at
kd ~ 1; a more detailed study regarding this point is needed.
As expected from the simulation of acoustic impedance and
reflectivity, in order to compensate for the leakage of sound
energy from the hole and maintain the sound intensity, high-
amplitude vibration is required.

Finally, using the flat and half-cylindrical reflectors, we
experimentally investigated the relationship between kd and
the maximal diameter of a droplet levitated above a hole, as

© 2016 The Japan Society of Applied Physics
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Fig. 6. (a) Minimum driving current applied to the BLT vs product of the
wavenumber k and hole diameter d with the (a) flat and (b) half-cylindrical
reflectors. The solid curves indicate the trends.

shown in Fig. 7. Again, points for which the hole diameter
was Omm were plotted as kd =0.1. The droplet was
introduced to the lower nodal point with a syringe. A photo-
graph of the levitated droplet was taken along a horizontal
axis using a high-speed camera, and its diameter was meas-
ured. Here, as the droplet was not a complete sphere, for the
direct comparison with the hole diameter, we defined the
“diameter” of the droplet as its diameter in the horizontal
plane. We define the “maximal diameter” of the levitated
droplet as the largest diameter that does not exceed the limit
at which the droplet becomes nebulized or falls off the nodal
point. The driving current of the transducer and the trans-
ducer-reflector interval were each adjusted according to the
hole diameter. Generally, larger droplets were levitated for
the half-cylindrical reflector than for the flat one. When the
reflector was flat, the vibration velocity required to levitate
the object markedly increased when the hole diameter
exceeded ~70% of the wavelength. For example, the maxi-
mal diameter of a levitatable droplet was 2.5 mm for a hole
diameter of 6.0mm (approximately half the wavelength).
However, when the hole diameter was larger than 8 mm
(~70% of the wavelength), droplets were not levitated. These
trends are in good agreement with the simulation result
shown in Fig. 4(c). When the half-cylindrical reflector was
used, the required vibration velocity increased gradually,
regardless of the hole diameter. The maximal diameter of
a levitatable droplet was, for instance, 5.0mm for a hole
diameter of 6.0 mm; a droplet was levitatable when the hole
diameter was up to 12 mm, which is close to the wavelength.
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Fig. 7. Maximal diameter of the levitatable droplet vs product of the
wavenumber k and hole diameter d with the flat and half-cylindrical
reflectors. The solid curves indicate the trends.

4. Conclusions

The basic aspects of one of the most important procedures
of noncontact ultrasonic manipulation of droplets in air—
droplet dispensing — were investigated. First, using an FEM,
we numerically analyzed the relationship between the hole
diameter of a reflector and the acoustic radiation force acting
on a levitated droplet. In this simulation, we calculated the
acoustic impedance at the point just above a hole and the
reflectivity of the holed reflector, and investigated the rela-
tionship between the applied acoustic radiation force and the
hole diameter. As a result, it was found that when the hole
diameter was half of (or equal to) the acoustic wavelength,
the acoustic radiation force was ~80% (or 50%) of that in
the absence of a hole. Subsequently, the maximal diameters
of droplets levitated above holes through flat and half-
cylindrical reflectors were experimentally investigated. With
the flat reflector, the maximal diameter was 2.5 mm for a hole
diameter of 6.0mm (approximately half the wavelength);
when the hole diameter was larger than 8 mm (approximately
70% of the wavelength), no droplet was levitated. In contrast,
with the half-cylindrical reflector, the maximal diameter was
5.0mm for a hole diameter of 6.0mm, and a droplet was
levitatable up to the hole diameter of 12 mm, which is close
to the wavelength. We believe that these results will be useful
in the development of noncontact ultrasonic droplet dis-
pensers, providing significant information for the demon-
stration of the simultaneous dispensing of multiple droplets
and thus for the realization of noncontact ultrasonic transport
systems in the future.
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