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Abstract

Levitation techniques become increasingly more important, because the lack of
a boundary simplifies the mechanics of reactions significantly. In this study the
principle of acoustic levitation is investigated. This principle, based on trapping
objects in the nodal points of an ultrasound pressure field, is investigated using
different transducers, piezoelectric crystals that act as an ultrasound speaker, and
different reflectors, shapes of metal to reflect the ultrasound and create a standing
pressure wave. The use of a concave reflector results in fewer pressure nodes,
however, they are far more stable than the ’resonant’ field obtained from a flat
reflector. The use of a more powerful transducer Langevin transducer, a high-
power bolt clamped piezo crystal that vibrates a mass, also results in more stable
nodes. When a levitated object is trapped in such a pressure node, or potential
well, its motion after displacement can be seen as the result of a damped mass-
spring system. By fitting the measured motion after vertical displacement with the
damped mass-spring amplitude equation, the undamped angular frequency and the
damping coefficient found to be 256±20 radians per second and (7±1)·10−7 kg s−1

for the concave, and 197±4 radians per second and (6±2) ·10−7 kg s−1 for the flat
reflector in combination with the Langevin transducer, respectively. An expression
between this angular frequency and the sound pressure amplitude is derived, its
values are calculated to be sine waves with RMS pressures of 0.482 ± 0.008 kPa
and 0.62± 0.03 kPa for the flat and concave reflector, respectively. The measured
value of the pressure amplitude is compared to COMSOL pressure simulations
and found to be significantly lower, because COMSOL creates a three-dimensional
field instead of the assumed one-dimensional field for the sound pressure amplitude
derivation. A protoplast ball, with the same density of water, has been successfully
levitated. As the size of the object is not important in acoustic levitation, this
shows that it can be used for droplet investigations in the future.
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Chapter 1

Introduction

The use of levitation for solids and liquids becomes increasingly more important in
the field of chemistry and combustion. The lack of a container or boundary sim-
plifies the mechanics of reactions significantly. Several levitation techniques have
been tried to levitate solid and liquid matter1. Examples are acoustic levitation2,
optical levitation3 and electromagnetic levitation4. Acoustic levitation is one of
the most useful techniques for analytical chemistry applications5. The stable po-
sition and wide variety of materials that can be levitated is superior to that of, for
example electromagnetic methods6. With no requirements on the composition of
the ambient fluid, an acoustic levitator is an ideal instrument to investigate the
evaporation droplets.

Acoustic levitation works on the principle of a standing ultrasound wave, often
created using piezoelectric transducers and a metal reflector. A standing wave can
also be called a stationary wave, where the intersection with the axis, the zero
(nodal) points, do not move. The anti-nodes (the position of the maximum), how-
ever, increase and decrease over time (see figure 1). Acoustic levitation makes use
of this physical principle. By placing an object in the pressure node of a standing
wave, it can be held in place, the acoustic pressure balancing the force of gravity.

Figure 1: Illustration of a standing wave. The dotted lines (left) represent the
path of the anti-nodes in time, the nodes are standing still.
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The focus of this study is on the acoustic field that is created by an acoustic lev-
itator. Many studies in the past have used this principle of acoustophoresis, for
example in studies on the evaporation of droplets7,8 or the contactless transport6

in an acoustic levitator. While the subject has been discussed theoreitcally quite
thoroughly, no study actually determines the forces experimentally. In this study
the acoustic field will be investigated regarding the forces and motions inside and
around the pressure nodes.

By investigating the theory on acoustic levitation, discussed in chapter 2, an ex-
perimental setup is designed and investigated in chapter 3 and 4. The strength of
the acoustic wells, an important parameter, will be discussed in the end.
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Chapter 2

Theory

In this chapter all the essential theory is outlined. In the first section 2.1 the
principle of acoustic trapping can be found. Section 2.2 is about the motion of
a damped mass spring system and why this is useful for the case of an acoustic
levitator. This theory is - among other things - needed to derive the expression
for the amplitude of the sound pressure in section 2.3.

2.1 Principle of acoustic trapping

The principle of acoustophoresis is based on trapping an object in an ultrasound
wave. Ultrasound transducers, a piezoelectric crystal (quartz) that vibrates when
applied with a changing potential, can emit strong sound waves at very high fre-
quencies (20-100 kHz).
To levitate an object there has to be a force opposing gravity. In an acoustic lev-
itator this force is created by sound; a standing pressure wave. A standing wave
occurs when two waves of opposing velocity (and equal frequency) interfere. This
can be done by placing a flat reflector at a certain distance d from the transducer:

d = n · λ
2
, (2.1)

with n = 2, 3, 4, . . . . A standing wave is realised when this distance is equal to an
integer amount n of half wavelengths λ as shown in equation (2.1). The value of
n = 1 does create a standing wave, but no nodes to put objects in; the amount of
nodes is n− 1.

The distance between the transducer and the reflector has to be very precise in
the case where the sound pressure distribution of the reflected signal is resonant.
However, when using a concave reflector, equation (2.1) does not apply. In that
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case a non-resonant sound pressure distribution is created. The flat reflector sends
back the acoustic waves vertically, while the concave reflector converges the sound
waves to create stable nodes to put objects in. Both scenarios are illustrated in
figure 2 with the transducer on top and the reflector at the bottom.

Figure 2: Simulation of sound pressure waves after reflection with flat (left) and
concave reflector. The warmer the color, the higher the sound pressure.

Figure 2 illustrates the differences between the reflectors. The concave reflector
focuses the sound waves at a certain area, depending on the radius of curvature.
This gives stable pressure nodes to levitate objects. The flat reflector gives a more
evenly distributed sound pressure field.
To investigate levitation of droplets or objects, the acoustic force impacting such
an object is important. Boullosa et al.9 obtained equation (2.2) for the average
acoustic force Fα exerted on a rigid sphere:

Fα = V0p
2
akz sin(2kzz)

[5δ−2
2δ+1

]

4ρc2
, (2.2)

where V0 represents the volume of the sphere, pa is the amplitude of the sound
pressure, k the wavenumber of the sound waves, c the speed of sound in air, and z
is the distance from the levitated object to the transducer. The volumetric mass
densities ratio of the levitated object and the air, given by ρ∗ and ρ respectively,
is δ = ρ∗

ρ
. The acoustic force of equation (2.2) must at least be equal to the gravi-

tational force of the object (V0gρ
∗) plus the buoyant force of the air on the sphere

(V0gρ) to levitate the object. In those expressions g represents the gravitational
acceleration. Setting this buoyant and gravitational force on the object equal to
the acoustic force of equation (2.2) gives a minimum trapping presure Pmin. A
critical assumption here is that the radius of the trapped object R� λ, otherwise
the particle will move on with the anti-nodes as shown in figure 1. The assumption
here is that the trapped object is stable and thus R ≤ λ/4.

Pmin =

√
4|1− δ|gρ2c2

kz[
5δ−2
2δ−1 ]

. (2.3)
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Looking at equation (2.3) tells us that the minimum trapping pressure does not
depend on the volume of the sphere, as Crum already stated in 197110. This is
because the buoyant, gravitational and acoustic force are all proportional to the
volume. Although the radius of the levitated object has the limitation that it may
not be bigger than λ/4, as explained above. Filling in the values of levitating a
water droplet in air at a frequency of 40 kHz gives a minimum sound pressure level
of about 160 dB. Therefore a large sound pressure level must be created in order to
levitate the object. This also brings us to the fact that mostly in acoustophoresis
experiments ultrasound is used. Human audible frequencies can be used11, but it
requires a larger sound pressure according to (2.3). Such high pressures at audible
frequencies can damage the human hearing, and is impractical for experiments.
While higher frequency wavelengths can be used to levitate small droplets, practi-
cal limitations in instrumentation often lead to an ultrasound frequency of 20-40
kHz.

2.2 Harmonic oscillation

When an object is placed in an acoustic field, its position is located between two
pressure areas. This can be modeled as a potential well; the particle will always
search for the lowest energy state, the equilibrium point. The trapped object can
therefore be regarded as a mass which is held at its location by a spring, which
moves as a harmonic oscillation.

The force Fs of a mass-spring system in x-direction without any damping can
be described by Hooke’s law:

Fs = −ksx, (2.4)

in which ks is the stiffness (also called the spring constant) and x the distance
from its equilibrium. For small values of x equation (2.4) is a good approximation.
The equation of motion of a simple mass-spring system is determined by equalling
Hooke’s law to the net force mẍ in which m is the mass and ẍ the acceleration in
x-direction.

ẍ(t) = −ω2
0x(t), ω0 =

√
ks
m
, (2.5)

with ω0 the angular frequency. Thus:

x(t) = A cos(ω0t+ φ), (2.6)

in which A and φ are respectively the amplitude and phase difference which de-
pend on the boundary conditions of the measured motion.
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The mass-spring system as discussed above is an ideal system that keeps oscil-
lating in time without loss of amplitude, according to equation (2.6). In reality,
the mass-spring model also has friction due to air. Adding this term to equation
(2.5), it can be rewritten as

mẍ(t) = −ksx− γẋ(t), (2.7)

with ẋ the time-dependent speed of the mass and we call γ the damping coeffi-
cient. This equation can still be solved analytically, but depends on the value of γ
compared to the critical damping γc = 2

√
mks. The damping ratio ζ, defined as

ζ =
γ

γc
, (2.8)

determines whether the system is undamped (ζ = 0), underdamped (ζ < 1),
critically damped (ζ = 1) or overdamped (ζ > 1) as shown in figure 3. The
undamped scenario is described by equation (2.6) and its amplitude does not
change. In the underdamped case the oscillation is still visible and the amplitude
reduces in time. In both the critically damped and overdamped scenario the large
damping brings the mass immediatly back to its equilibrium without oscillating.

Figure 3: The position as function of the time for the undamped (green),
underdamped (black), critically damped (blue) and overdamped (red) mass-spring

system.

The most common model to describe the damped mass-spring system is the un-
derdamped case12, in which γ < γc. In that case the solution of equation (2.7)
is:

x(t) = Ae−
γ
2m

t cos(ω′t+ φ), ω′ =

√
ω2
0 −

γ2

4m2
(2.9)

with ω′ the angular frequency in the damped case and ω0 in the undamped case.
An example of the friction force on a sphere is given by Stokes’ law:

Ff,Stokes = −γv(t) = −6πηRvrel, (2.10)
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with η the dynamic viscosity of the fluid, R the radius of the object and vrel the
object velocity relative to the fluid velocity. The damping coefficient γ can easily
be calculated with Stokes’ law, but it only applies for viscous fluids and spherical
objects with small Reynolds numbers (Re < 1). The Reynolds number, defined as
Re = 2vRρ

η
, is a dimensionless number which indicates the importance of the vis-

cous forces, as compared to the momentum forces. Low Reynolds numbers usually
indicate a slow and viscous flow.

If the displacement x is small - which we assumed by applying Hooke’s law -
the potential V (x) is approximately parabolic in the neighbourhood of a local
minimum13. The potential energy of the harmonic oscillator can be written as

V (x) =
1

2
ksx

2 =
1

2
mω2

0x
2. (2.11)

The second expression here is preferred because the angular frequency ω0 in most
cases can be determined easier than spring constant ks.

2.3 Acoustic radiation force and pressure

Now we know what causes the stable points to trap objects in and how the objects
behave around those points. With this theory we can investigate more detailed in
the acoustic field. An interesting parameter is the amplitude of the sound pressure.
If this amplitude is too low, an object cannot be levitated because the acoustic
force is lower than the gravity pull. But if this amplitude is too high, a levitated
droplet can burst because the acoustic force is big enough to break the surface
tension. Therefore in this section an expression for the sound pressure amplitude
is derived, which can be determined when the motion of the object is known.

Karlsen & Bruus14 derived a general expression for the acoustic force on a spherical
object, assuming an incident vertical plane pressure wave and the acoustic field as
one-dimensional standing plane wave, like is shown in figure 4. The plane pressure
wave is of the form p(z) = pasin(kz). The acoustic energy density is assumed to be
Eac = 1

4
κsp

2
a with κs = 1

ρc2
the isentropic compressibility15. The one-dimensional

acoustic force, assuming as a standing plane wave, can be written as:

~Fa,1D = V0ΦackEac sin(2kz)~ez, (2.12)

where Φac is called the acoustic contrast factor, which for an ideal fluid can be
written as16

Φideal
ac =

κs,particle
κs,fluid

− 5δ − 2

2δ + 1
, (2.13)
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with δ =
ρparticle
ρfluid

the ratio of the mass densities. Comparing this with the expres-

sion for an optical force in optical trapping gives an interesting analogy between
acoustic and optical trapping, which is shown in Appendix A.

Figure 4: A one-dimensional standing plane wave as assumed for eq. (2.13).

We are interested in the sound pressure amplitude pa. Using the definitions the
second part of equation (2.13) can be rewritten:

kEac sin(2kz) = k
1

4

1

ρc2
p2a sin(2kz) =

1

4ρc2
d

dz
(pa sin(kz))2 (2.14)

making use of d
dz

(sin2(kz)) = k sin(2kz). This indicates that the acoustic force
as function of distance z is equal to the derivative to z of the squared distance-
dependent pressure p(z):

Fa(z) = C
d

dz
(p2a sin2(kz)), C =

V0Φac

4ρc2
. (2.15)

To trap an object in the acoustic radiation field, the acoustic force must be equal
to the gravitational force mg and this results in equation (2.17) for equilibrium
distances ze:

mg = Ckp2a sin(2kze), (2.16)

2kze = sin−1(
mg

Ckp2a
+ k · 2π).

At these distances z from the transducer, an object with mass m will be trapped
by the acoustic field. Here is assumed that mg ≤ Ckp2a, otherwise the object is
too heavy to levitate.

The next and last step is to look at small displacements from this equilibrium
points: a trapped object can be given a little displacement from its stable points.
For stable points - assuming a mass m that is not close to the maximum trappable

mass mmax = Ckp2a
g

- the gradient of the acoustic force is constant for small dis-
placement shown in figure 5.
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At the equilibrium points ze the gravity and acoustic force equal each other. Small
displacements result in a linear force which brings it back to its equilibrium: the
spring force. Then, the slope is equal to the spring constant ks.

Figure 5: The acoustic force (red) and the gravity force (green) as function of
the position from the transducer in the acoustic levitator. The equilibrium points
are at the intersections of the two forces; the slope of the acoustic force there is

constant for small displacements ∆z and is equal to the spring constant ks.

Thus:

ks =
dFa
dz

∣∣∣∣
z=ze

= C
d2

dz2
(p2a sin2(kz))

∣∣∣∣
z=ze

,

combining this definition with equation (2.16) gives

ks = 2Ck2p2a cos(2kz)

∣∣∣∣
z=ze

.

Using equation (2.17) and the trigonometric identity sin2(α) + cos2(α) = 1:

ks = 2Ck2p2a[1− (
mg

Cp2ak
)2]

1
2 (2.17)

= 2k[k2p4aC
2 − (mg)2]

1
2 .

This spring constant (equation (2.5)) is equal to mω2
0. Using this equation, the

amplitude of the sound pressure pa can be determined from the measured value of
the angular frequency ω0. According to equation (2.3) the minimal sound pressure
amplitude for levitating a polystyrene sphere is 277 Pa.
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Chapter 3

Experimental setup & method

3.1 Experimental setup

To generate the ultrasound required for the acoustic field, a readily available piezo-
electric transducer (Prowave 400ST ) is used, shown in figure 6. By applying a
voltage at its center frequency of 40 kHz, its corresponding wavelength λ at a
temperature of 293 K and sound velocity in air cair = 343 m/s is λ ≈ 8.6 mm. The
reflector is a flat metal plate, positioned at vertical distance d from the transducer.

Figure 6: The experimental setup (left) to test the principle of acoustic
levitation and a picture (right) of the Prowave 400ST160 transducer, obtained

from the spec-sheet.

The transducer is powered with a 20 V, 40 kHz signal supplied with a function
generator. The maximum root mean square voltage of the Prowave transducer is
20 Vrms. As indicated by equation (2.1) of the theory, the distance d is adjusted
to be equal to an integer amount of half wavelenghts (λ/2 ≈ 4.3 mm) to create a
standing wave.
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However, to levitate a droplet of water, with such higher density, a more powerful
transducer is required, such as a bolt-clamped Langevin transducer. These trans-
ducers have two piezoelectric elements that are sandwiched between two metallic
pieces. The structure is bolt-clamped, which ensures that the system will resonate
dependent on the clamp strength17, by applying a voltage. Its resonance frequency
is also 40 kHz so it has approximately the same wavelength as the Prowave trans-
ducer at room temperature.

Figure 7: A langevin transducer in which the gray steel is vibrated by
piezoelectric material (quartz), which is encased in the black rubber. Schematic

representation (right) retrieved from https://www.steminc.com/
PZT/en/bolt-clamped-langevin-tranducer-40-khz.

This transducer is powered using a JB Systems VX400 amplifier. Since a piezo
crystal functions as a capacitor, the phase between the voltage and the current is
highly important. The schematic in figure 8 is used to determine the phase be-
tween the voltage over a normal 1 Ohm resistance, and therefore the current and
the voltage over the transducer. By adjusting the frequency of supplied voltage,
the phase can be matched, and the greatest amount of power can be supplied to
the transducer.

To illuminate the levitated object, two LEDs at each side from the camera are
placed. At last, a Phantom CCD camera is placed to capture the levitated object,
as shown in figure 9. Its resolution is set at 1024 by 768 pixels, the exposure time
at 300 µs (to avoid blurring during movement) and a frame rate of 200 fps and 500
fps for the horizontal and vertical displacement, respectively.
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Figure 8: Schematic representation of the setup to match the phase of the
voltage and current over the transducer to get the greatest amount of power. R1

is the resistance of 1 Ohm and the circles with V are volt meters.

Figure 9: The advanced experimental setup to perform the measurements. The
used transducer is either the Langevin or Prowave transducer, the used reflector

is either a concave or flat reflector.

To create a standing wave in the non-resonant case, a concave reflector with a larger
radius of curvature than the transducer is required to converge the full sound wave
to the center of radius. Becacuse the two used transducers are different in size, two
different concave reflectors have been used. The concave reflectors have a diameter
and radius of curvature of 4 cm and 2.5 cm for the Prowave transducer, and 10
cm and 6.8 cm for the Langevin transducer, respectively.
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3.2 Experimental method

Polymer foam particles (ρ ≈ 25 kg/m3) with an approximate size of 0.5-1.0 mm in
radius are placed within the acoustic field for both transducers, in both the reso-
nant and non-resonant case. To investigate the stability of the field, the particles
are given a displacement using a thin grating, and the trajectory of the particle is
determined from the high-speed imaging. As is shown in the experimental setup
section, a high-speed CCD camera is used to capture the path of the levitated
object. The camera is connected to a PC and by running a Matlab script the
position of each frame from the measurement is determined. This script is shown
in Appendix B. The Phantom camera is controlled by the Phantom Camera Con-
trol application. After capturing the trajectory, each frame is saved as image. To
enhance the contrast, two LEDs next to the camera are focused on the particle
and a black screen is placed behind the levitator. The Matlab script makes a
convolution between the frame and a Gaussian filter, to remove detail and noise
in the image. By using the Hough transform - which is implemented in Matlab
by the imfindcircles function - the center and radius of a circle in the image are
detected. The x-direction and y-direction describe the motion after horizontal
or vertical displacement, respectively. Using the results from the displacement
measurements, the strength of the potential well can be determined via equation
(2.18). A ball of protoplast, a solid material with a similar density as water, is
used to verify the levitation of a water droplet.
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Chapter 4

Results & discussion

To visualize the acoustic field, liquid nitrogen was used as a reflector. Figure 10
shows an image of the liquid nitrogen vapor trapped in the pressure field. The
acoustic standing waves were visible in the vapor of the liquid nitrogen, because
of the reflection on the liquid surface. The waves made on the surface of the liquid
created an unstable pressure field and created a volatile standing wave. Figure 10
shows a picture of the standing wave visualized with the liquid nitrogen, in which
the high and low pressure areas are clearly visible.

Figure 10: A standing wave visualized with the vapor of liquid nitrogen, whose
liquid surface acts as reflector.

Polystyrene foam particles of sizes ranging 1-4 mm in diameter were placed inside
the acoustic field. As expected9 from equation (2.2), the maximum diameter of
the particle was equal to λ/4. In research by Cronquist et al.11 and Foresti et
al.19 concave reflectors are used instead of flat ones, as they create a more sta-
ble, focused, non-resonant field. The concave reflector cannot be placed at every
distance from the transducer to levitate the objects. As shown in figure 1, the
concave reflector converges the sound waves to the center of the curvature of the
reflector. At this area the pressure nodes are expected to be more stable, so the
distance transducer-reflector must at least be greater than the radius of curvature
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of the reflector.

The concave reflector created a stable pressure field that easily levitated the par-
ticles. The strongly focused center of the curvature of the reflector appeared to be
highly stable, yet also the other nodes showed increased stability. This is shown
in figure 11, which shows five polystyrene beads levitated with a mutual distance
of λ/2.

Figure 11: Five polystyrene beads with a mutual distance of approximately 4.3
mm levitated by the Prowave transducer in combination with the concave

reflector.

While the concave reflector created stable nodes, the use of a flat reflector in com-
bination with high power transducers have been used in the past to investigate
droplet levitation6,17. The Langevin bolt clamped transducer, at a power of 17
W, as shown in figure 8, created a high power wave to create a resonant pressure
field at a large distance from the reflector and a wavelength of 8.7 mm (see figure
12). The field was much more stable than while using the Prowave transducer.
However, due to the high power requirement the Langevin transducer heats up
over time. This changes its length due to thermal expansion. Since the length
of the metal attached to the piezo crystal determines its resonance frequency, the
measured frequency is lowered from 40 to 37 kHz as it warms up.

Figure 12: Seven polystyrene balls trapped in the acoustical levitator with the
combination of Langevin transducer and flat reflector.
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In one of the last stages of this project we succeeded to levitate a ball of Proto-
plast with a diameter of 1 mm. Protoplast is a plastic that can be easily deformed
with a little heat. The particle was levitated in the bottom of the concave reflec-
tor, using the Langevin transducer. Although it was not very stable, it gives great
perspective for future reserach with this levitator, because protoplast almost has
the same mass density of water. Therefore the levitator may also able to levitate
water droplets and can then be used for evaporation measurements. To do evap-
oration measurements a laser must be focused on the levitated droplet. Therefore
the droplet must be levitated above the reflector and not in one of the first nodes.
If the field appears to be to weak, a more powerful amplifier should do the trick.

To levitate a ball of expanded polystyrene, not very much power is needed. The
Prowave transducer is a weak transducer, but is able to levitate polystyrene balls
with a diameter of 1 mm, while a non-resonant standing waves allows for much
bigger diameters (up to 3 mm). A more powerful alternative is using the Langevin
transducer. This transducer is powered by an amplifier and creates a more stable
field than the Prowave transducer. Though this is larger than the λ/4 limit, the
low density of the polystyrene foam allows this.

4.1 Path of the displaced object

A trapped object in the acoustic levitator is in fact trapped between two high-
pressure areas. Therefore the particle can be considered to be in a potential well.
After a displacement the particle will relax back to its equilibrium point at the
lowest energy. This section investigates the qualitative impact of each transducer
and reflector on the strength of the potential well that traps the particle.

4.1.1 Horizontal displacements

For the measurements of horizontal displacements for all but one combinations
polystyrene balls with a diameter of 3 mm are used. Only for the Prowave trans-
ducer in combination with the flat reflector balls with a diameter of 1 mm are
used, because the larger particles were too unstable to displace. The ball is given
a horizontal displacement with a needle. For the particles with a diameter of 3
mm this was a good option. Larger particles were used when possible, as the
smaller particles were more difficult to displace accurately. Figure 13 (up) shows
the horizontal displacement, using the Langevin transducer. It shows a classic
underdamped oscillation.
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4.1.2 Vertical displacements

For the vertical displacements an extra signal generator is connected to the first
signal generator. An inverted gate (rectangular) function can be triggered on the
first signal generator, stopping the signal for a brief period and then resuming
the ultrasound excitation. A controlled vertical displacement is necessary due to
the height of the potential wells, which is much smaller than the width (see also
figure 1). With a single inverted rectangular function of 10 Hz and a duty cycle
of 10%, the off-time of the transducer will be 10 ms. In figure 13 (down) the
vertical displacement is plotted for the Langevin transducer in combination with
the flat reflector. For the vertical displacement also an underdamped oscillation is
measured, however, with a much smaller amplitude and time scale. The smaller
time scale is because of the stronger well in vertical direction.

Figure 13: The path of a polystyrene ball for a horizontal displacement (up) and
a vertical displacement (down) as function of time.
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4.2 Comparison with COMSOL

To get an idea of the width and height of the different potential wells, the max-
imum displacement is measured for different wells and compared to a COMSOL
Multiphysics simulation. COMSOL makes use of toolboxes and for this simula-
tions the Pressure Acoustics toolbox is used. It solves the 1-dimensional Helmholtz
equations by using the finite element method (FEM). Input parameters are the
wavelength, air density and the displacement of the transducer surface. This dis-
placement of the vibrating surface of the Langevin transducer is measured using an
Michelson interferometer, using the schematic shown in figure 14. A helium-neon
laser is used with a wavelength of 633 nm. The beam splitter divides the wave into
two, one goes right towards the transducer and one goes up into the background
to a mirror. Both beams reflect on the transducer and mirror and are united in
the diode20. Because the reflecting area of the transducer moves up and down,
a changing interference pattern can be detected. The amount of peaks from the
laser between two interference patterns gives the amplitude of displacement of the
transducer, which is in the magnitude of 10 µm.

Figure 14: The setup of the Michelson inferometer to determine the
displacement of the vibrating surface of the Langevin transducer.

The Prowave transducer operates according to a different principle, because it does
not vibrate a mass of which the displacement can be determined. Therefore only
the Langevin transducer is considered in the comparison.
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The Langevin transducer created a stable field using the flat reflector, which is
already shown in figure 12. The width and height of the potential well are deter-
mined in the first and fourth node, counted from the reflector. The first simulation
was performed using the boundary conditions of the flat reflector measurements,
which is shown in figure 15. This simulation shows wide pressure areas, because
of the big diameter of the Langevin transducer. The most stable points are still
around the vertical axis around the middle of the transducer and that is where
the measurements are performed. The figure shows that the widths are approxi-
mately the same for the different nodes. This is also what is measured, looking at
table 4.1. The maximum horizontal displacements for the flat reflector are approx-
imately the same, while the the vertical displacements get slightly smaller further
from the reflector, and therefore the stability increases. In section 2.1 was stated
that the flat reflector gives an evenly distributed field, but this is not completely
true for small distances (in this case 3.0 cm) between transducer and reflector.

The other combination is the Langevin transducer and the concave reflector with
a mutual distance of 7.2 cm. The highest pressure is expected to see around the
curvature center of the reflector. Looking at the simulation in figure 17 tells us this
is not the case. The highest pressure can be found around 5 cm from the reflector,
while the curvature radius is 6.8 cm. Looking at the simulation tells us that the
curvature radius is too big. Only the bottom part of the concave reflector is used,
therefore it almost is the same as a flat reflector. That this big concave reflector
in fact acts as a flat reflector also becomes clear when looking at the widths in the
fifth, sixth and seventh node. The maximum horizontal displacement (widths) ap-
proximately stay the same, like also is shown in table 4.1. This is in contrast to the
expectations: the concave reflector focuses the sound wave to the vertical axis and
the widths are therefore expected to become smaller in the direction of the center
of the curvature radius. Table 4.1 shows that the measured vertical displacement
also approximately stays the same around 0.7 mm for the three nodes.

Maximum displacements in mm using the Langevin transducer
# of node Flat reflector Concave reflector

Horizontal Vertical Horizontal Vertical
1 2.3± 0.1 1.2± 0.1
4 2.5± 0.2 0.8± 0.1
5 1.9± 0.2 0.49± 0.05
6 1.7± 0.1 0.9± 0.1
7 2.35± 0.05 0.7± 0.1

Table 4.1: Measured values of maximum displacement for flat & concave reflector
and for horizontal & vertical displacements, using the Langevin transducer.
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Figure 15: Result of the axisymmetric COMSOL simulation of the measurement
using the Langevin transducer and flat reflector. The black line is the transducer.

Figure 16: Result of the COMSOL simulation of the measurement using the
Langevin transducer and the concave reflector. The black line is the transducer.
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Looking at figure 15 of the measurement with the flat reflector, the pressure gradi-
ent in the fourth node is bigger than in the first node, which explains the smaller
vertical displacement that is measured. Using the concave reflector, the smallest
vertical displacement is measured in the fifth, and the biggest vertical displace-
ment in the sixth node. Looking close at figure 16 shows the biggest pressure
gradient (of the three measured nodes) in the seventh node. This is in contrast to
the measurements, because the smallest displacement is measured in the fifth node.

The smallest wells result in the highest pressure gradients and therefore the most
stable points. For the flat reflector this became clear by matching the smallest
vertical displacement measurement to the highest pressure gradient in COMSOL.
The measured displacements of the flat and concave reflector do not differ signif-
icantly. The concave reflector did create smaller wells, but next to that did both
reflectors create a stable field for the measurements. The difference in stability
therefore is mainly caused by the amplitude of the sound pressure, dependent on
the power of the transducer, while the Prowave transducer gave a less stable field.
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Chapter 5

Acoustic field in the levitator
(extension)

While it has been shown that the acoustic levitator traps particles in a potential
well, the strength of these pressure forces is relatively unexplored. What does
this pressure field actually look like? And which forces in which directions play a
part? It works, but how does it exactly work and does it match the theory and
expectations? To get a better idea of the acoustic field which levitates objects, it
is essential to look at the forces and the potential wells. To summerize,

How can we quantify the acoustic field of the levitator?

In the main part of this project a levitated expanded polystyrene ball is given a
displacement in one dimension. After the measurements and analysis is concluded
that for all combinations of transducer and reflector and as well for horizontal
as vertical displacements the ball in the acoustic potential behaves as a damped
harmonic oscillator.

In this extension of the report the position as function of time is fitted with the
amplitude equation of a damped harmonic oscillator. In this way the stiffness
and damping factor of the motion can be determined. With those results also the
potential well approximation in the equilibrium can be computed. The derived
expression for the sound pressure amplitude (eq. (2.18)) is used to calculate this
value from the determined spring constant.

The subject of this quantitative investigation is the levitator build in chapter 4.
The air friction, the missing part in the derivations of equation (2.18), will be char-
acterized using Stokes’ law. This law states the damping coefficient γ = 3πLηρ
with ρ the mass density, L the diameter of the particle, and η the kinematic viscos-
ity of the fluid in which the sphere is levitated. The mass density ρ is determined
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by doing a mass over volume analysis of 50 particles. The volumes were calculated
using image processing and the weight is measured with a ABT220-5DM scale
of KERN. The measured damping coefficient will be compared to the damping
coefficient stated by Stokes’ law. Although, Stokes’ law is only valid for Reynolds
numbers Re < 1, where

Re =
vL

η
, (5.1)

with v the velocity of the object relative to the fluid (air) and L the diameter of
the particle.

The shape of the reflector used in acoustic levitation has always been an issue
of importance. Non-resonant reflectors achieve more power in a small amount of
nodes, but the question remains whether they are required. Furthermore, how
does the strength of the potential well depend on the shape of the reflector? To
investigate this phenomena, the angular frequency, the sound pressure amplitude
and the damping coefficient are determined for the different reflectors.
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5.1 Potential wells

By giving a levitated object a displacement, not only the dimensions of the poten-
tial wells can be determined; also the motion which brings the object back to its
equilibrium. A non-linear fitting algorithm determines the values of γ and ω0 of
equation (2.10). With the determined ω0, the potential energy can be calculated
through equation (2.12). However, the mass of the particles must be known and
the radius is determined by the image processing, the only thing needed is the mass
density ρEPS of the used expanded polystyrene (EPS). The total mass and volume
of 50 particles is measured and resulted in a mass density of ρEPS = 25.2 kg/m3.

An example of a fit through the measured location of the particle is shown in
figure 19. This is the vertical motion of a polystyrene ball in the third node using
the Prowave transducer and the flat reflector. By fitting the measured motions,
the damping coefficient γ, the damped angular frequency ω′ and therefore the
undamped angular frequency ω0 can be determined.

Figure 19: Example of a measured motion of the polystyrene ball in vertical
direction, fitted with the amplitude equation of a damped oscillator. This

measurement is done in the third node from the flat reflector, using the Prowave
transducer

The time scale for horizontal displacements is larger than for vertical displace-
ments. This results in larger angular frequencies for the vertical displacements.
The determined angular frequencies ω0 are shown for the different transducers and
reflectors in table 5.1 and 5.2.
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Determined values of undamped angular frequency ω0 using the Prowave transducer
# of node Flat reflector Concave reflector

Horizontal Vertical Horizontal Vertical
3 29.1± 0.3 146.6± 0.2
4 139.8± 0.3 177.1± 0.4
5 40.0± 0.1 213.3± 0.7
6 39.4± 0.2 176± 1

Table 5.1: The determined undamped angular frequencies ω0 in radians per second
at different nodes using the Prowave transducer in combination with different
reflectors.

Determined values of undamped angular frequency ω0 using the Langevin transducer
# of node Flat reflector Concave reflector

Horizontal Vertical Horizontal Vertical
1 25.9± 0.2 201.4± 0.5
4 33± 1 193.7± 0.2
5 30± 1 235± 2
6 42.0± 0.5 276± 1
7 33± 2 275± 1

Table 5.2: The determined undamped angular frequencies ω0 in radians per second
at different nodes using the Langevin transducer in combination with different
reflectors.

Table 5.1 shows the determined undamped angular frequencies, using the Prowave
transducer. A clear difference is the much higher frequency after a vertical dis-
placement. This goes together with the small maximum vertical displacements.
The spring constant in vertical direction therefore is also much stronger than in
horizontal direction, which results in motions of smaller time scales. For the re-
flectors in combination with the Langevin transducer also the undamped angular
frequencies are determined and shown in table 5.2. The difference between the
transducers results in the higher angular frequencies for the Langevin transducer.
Although the masses for the vertical displacements were smaller, the spring con-
stant ks is still greater in the vertical direction. The spring constant is the second
derivative of the potential: d2

dx2
V (x) = ks. Because in chapter 4 already is de-

termined that the wells are smaller in vertical direction, this spring constant was
expected to be higher compared to the horizontal direction. The potential wells in
horizontal and vertical direction at the sixth node from the concave reflector and
the Langevin transducer are shown in figure 20.
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Figure 20: The horizontal (left) and vertical (right) potential well in the sixth
node from the concave reflector while using the Langevin transducer. Wells are

computed by the determined value of ω0 and the followed path of the
displacement, according to equation (2.12). Because of the smaller vertical well

this potential is steeper, which represents a higher spring constant. Also is visible
that the greater value of the potential energy is in vertical direction, because this

is the direction of the waves.

5.2 Sound pressure amplitude

To get an idea of the sound pressure amplitude, the derived equation (2.18) is used.
For this derivation is assumed that the wave is one-dimensional. We assume that
small displacements have been made in the direction of the 1-dimensional wave;
the vertical displacements. The measurements of using the Langevin transducer
are used, due to the known configuration of the transducer, which allowed for the
COMSOL simulations of section 4.2. In the previous section the determined an-
gular frequencies are shown. The mass in each measurement is also determined
and is for the smaller balls for vertical measurements in the magnitude of 10−8 kg.
With the mass and angular frequency, the spring constant ks can be determined
and therefore the sound pressure amplitude pa.

At first this sound pressure amplitude is determined by using the flat reflector.
It is computed for the first and fourth node, which values were about the same.
This is also expected by using the flat reflector, because it should give an evenly
distributed pressure field. The determined value of the pressure amplitude by us-
ing the Langevin transducer and the flat reflector is pa = 482± 8 Pa.
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The sound pressure amplitude is also determined for the measurements using the
concave reflector. Here not an evenly distributed pressure field is expected, be-
cause of the curvature of the reflector. Its amplitude is determined for the fifth,
sixth and seventh node from the reflector. The pressure amplitude in the fifth
node was significantly lower than in the sixth and seventh node. In the fifth node
the sound pressure amplitude was pa = 570± 5 Pa. In the sixth and seventh node
it was around the same: pa = 664± 3 Pa.

The sound pressure as function of the length determined from the simulations
of section 4.2 is shown in figure 21 for the flat and concave reflector. The x-axis
represents the distance from the reflector in centimeters. The results show a larger
pressure amplitude for the concave reflector than for the flat reflector, approx-
imately a magnitude order of 1.30. Comparing this to the magnitude order of
1.38 from the measurements shown above, this orders approximately correspond
to each other. Next to that can be seen that the pressure for the concave reflector
increases towards the center of radius at approximately 6 cm from the reflector.

Figure 21: The acoustic pressure as function of the distance from the flat (left)
and concave (right) reflector while using the Langevin transducer, computed by

COMSOL.

In section 2.1 an expression for the minimum trapping pressure for levitating a
particle is given. This equation (2.3) can also be used to determine what the
minimum trapping pressure has to be for levitating polystyrene balls. Using the
determined mass density of expanded polystyrene ρEPS = 25.2 kg/m3 gives a
minimum trapping pressure of 277 Pa, which is indeed lower than the measured
pressure amplitudes.
Looking at figure 21 says that COMSOL gives approximately a factor 7.5 higher

28



pressure amplitudes than measured. One reason of this discrepancy is that COM-
SOL does not take loss of pressure in account. Furthermore, the simulations
strongly depend on the acceleration of the radiating surface of the transducer.
This can have a large influence, because the pressure increases linearly with the
transducer acceleration. This acceleration is measured at a higher power of the
transducer than the measurements. Next to that is assumed at the derivation of
the pressure amplitude expression that the acoustic force is in one direction. In
fact, a three-dimensional sound pressure field is created, which results in a big-
ger total sound pressure amplitude. COMSOL also creates a three-dimensional
field, which is shown for the Langevin transducer in combination with the concave
reflector in figure 22.

Figure 22: COMSOL simulation in three dimensions of using the Langevin
transducer in combination with the concave reflector.

5.3 Friction due air

At last the damping coefficient γ is determined from the measurements. This
friction is caused by the air. The values are determined for the vertical displace-
ment measurements by using the different transducers en reflectors. This values
are compared to Stokes’ law, that states this damping coefficient is γS = 6πηR as
shown in equation (2.11). The dynamic viscosity of air is η = 1.73·10−5 kg m−1 s−1.
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The determined values for the Prowave and Langevin transducer are shown in
table 5.3 using the different reflectors.

Determined damping coefficients ·10−7 kg m−1 s−1

# of node Prowave transducer Langevin transducer
Reflector Flat Concave Flat Concave
1 12± 1 3.7± 0.2
3 4.5± 0.1
4 5.0± 0.2 3.9± 0.1 2.1± 0.1
5 5.5± 0.2 8.2± 0.4
6 7.8± 0.6 7.5± 0.5
7 6.0± 0.2

Table 5.3: Determined damping coefficients ·10−7 kg m−1 s−1 for the different
transducers and reflectors.

To compare the measurements with Stokes’ law, the radius R is determined at
0.66 ± 0.05 mm for the four combinations. This results in a Stokes damping of
γS = (2.2±0.2)·10−7 kg s−1, which is significantly lower than the measured values.
In the beginning of this chapter was already mentioned that Stokes’ law only
applies for low Reynolds numbers. The Reynolds number of the air in the levitator
is higher, which results in a higher damping coefficient. Empirical expressions for
this damping coefficient at higher Reynolds numbers are derived, for example by
Schiller and Naumann21. This results in the higher damping coefficients that are
determined.
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Chapter 6

Conclusions

The principle of acoustic levitation is quite intuitive. A reflector is placed at a
distance from a transducer to create a standing sound wave. If the acoustic force
is strong enough and bigger than gravity of an object, the object can be trapped.
If the trapped objects are not stable enough for the used transducer, a concave
reflector may be the solution. The curvature of the reflector focuses the sound
waves to a certain area to create stable nodes.

More precisely, levitated objects are trapped in a potential well caused by the
acoustic force. If you give a particle a displacement - horizontally as well as verti-
cally - the path follows the amplitude equation of a damped harmonic oscillator,
characteristic of a potential well. By searching the maximum displacements in
horizontal and vertical direction, the dimensions of the wells are determined. The
width of the wells strongly depends on the radius of the transducer and the used
reflector. A flat reflector will create wells of approximately the same width, a con-
cave reflector creates wells that become smaller near the center of the curvature
radius. The dimension of the vertical part of the potential well is much smaller
than the width, because this part in fact is between two pressure areas. Simula-
tions with COMSOL Multiphysics, using 1-dimensional Helmholtz equations - can
be used to compare with the measurements. This can be done to get an idea of
the created field, but the simulations rely on heavy assumptions, which can cause
discrepancies with reality.

In one of the last stages is succeeded to levitate a little ball of Protoplast. This
gives great perspective, because this deformable plastic has approximately the
same mass density as water. Therefore this acoustic levitator may also be used in
future research for example of the evaporation of water droplets.
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After giving the trapped polystyrene particle a displacement, the motion is deter-
mined with high-speed cameras. The ball acts as a mass in a damped mass-spring
system. By fitting the detected motion of the ball with the amplitude equation of
the damped harmonic oscillator, the angular frequency and the damping coefficient
are determined. In the theory chapter an expression between the sound pressure
amplitude and the spring constant is derived.

The vertical displacements are small compared to the horizontal displacements.
This results in shorter time scales and higher angular frequencies. The deter-
mined angular frequencies for the vertical motions were all around the 200 radians
per second. The minimum sound pressure for levitating water droplets is calcu-
lated to be approximately 1800 Pa, while this value for polystyrene balls is more
than six times smaller. This is because the mass density of expanded polystyrene
is approximately 40 times smaller than water. The determined sound pressure
amplitude using the Langevin transducer in combination with the flat reflector is
pa = 482±8 Pa, which is higher than the minimal trapping pressure determined by
equation (2.3). Higher sound pressure amplitudes around 600 Pa are determined
for the Langevin transducer in combination with the concave reflector. This higher
sound pressure is caused by the curvature of the reflector, that focuses the sound
waves towards the pressure points. Because of the higher sound pressure ampli-
tudes by using the concave reflector, the created nodes are also more stable.

The measured vertical damping coefficient appeared to be at least a factor 2 bigger
than the theoretical value for a sphere in Stokes flow. This is because this the-
oretical damping coefficient applies for Stokes flows, an extreme case of laminar
flow in which the friction forces dominate the inertial forces. For higher Reynolds
numbers this law does not apply. If the inertial forces become more significant,
the friction coefficients will increase. Therefore a greater value of the damping
coefficient is measured than the theoretical value stated by Stokes’ law.
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Appendix A

Analogy between acoustic and
optical trapping

A nice intermezzo is to see analogies with other trapping techniques, like the ones
mentioned in the introduction. The acoustic force given by equation (2.13) can be
written as

Fa,1D = V0Φack∇E(z), (A.1)

with ∇E(z) the gradient of the acoustic energy E(z) = Eac sin2(kz). The acoustic
factor - given by equation (2.14) - is determined by the isentropic compressibility
of the particle to that of the fluid in which it is levitated and the ratio of their
mass densities. For optical trapping a similar expression can be found for trapping
a dielectric sphere18. An external electric field E induces a polarisation P = αE
with α the optical contrast factor, comparable with the acoustic contrast factor.
This optical contrast factor is given by

α = ε0
3(m2 − 1)

m2 + 2

with ε0 the electric constant and m the contrast between the indices of refraction
of the sphere ns and that of the environment n; m = ns/n. The optical force of
the laser light on the sphere is given by

Fopt = α
1

2
∇E2. (A.2)

Comparing equations (A.1) and (A.2) makes clear that for both trapping tech-
niques the force is proportional to a gradient of the energy field that is created.
The constant factor is what makes the difference. In the acoustic case this con-
stant Φac depends on the mass densities ρ and the sound of speed, while the optical
constant α depends on the refractive indices and thus the speed of light through
the medium.

33



Appendix B

Matlab script particle detection

The used script do determine the location of the ball is shown below in figure
B.1. First it reads all the images and then the convolution of these images with
a Gaussian filter is computed. The script of the Gaussian filter Gaussian2D is
also shown in figure B.1. The function imfindcircles detects circles by the Hough
transform. The radius of each detected circle per image is determined and the mean
value of all the images of the measurement is calculated to exactly determine the
size and mass of the particle.

Figure B.1: The matlab script (up) and the Gaussian function needed (down) to
determine the location of the particle by Hough transform.
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