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Abstract: The open and contactless environment of acoustic levitation provides a unique
condition in experimenting with varying substances while levitated for observation and
implementation with other devices, with recent improvements in cost and accessibility.
We briefly decipher the theory behind acoustic levitation and describe currently available
levitation platforms. Then, how these platforms have been employed in biological ap-
plications is reviewed. Intriguingly, recent researches indicated the viability of acoustic
levitation to be utilized as a microgravity simulator. We introduce existing on-ground
microgravity platforms, and discuss the potential of acoustic levitation in simulating mi-
crogravity. Acoustic levitation could be an alternative to microgravity platforms such as
clinostats while allowing for novel microgravity research. On the other hand, the micro-
gravity provided by acoustic levitation may be restricted due to potential limitations in
the available levitation volume, relatively larger gravity compared to 10~2 g centrifugal
acceleration from clinostats, and probable instability due to air perturbations and acoustic
streaming. With more knowledge about in-droplet particle rotation and the regulatory
factors during levitation, acoustic levitation may provide a new and advanced platform for
microgravity simulation via taking advantage of its availability for real-time observation
and manipulation of samples via added instrumentation while samples are levitated in a
simulated microgravity condition.

Keywords: acoustic levitation; microgravity; clinostat; open and contactless environment;
biological application of acoustic levitator

1. Introduction

The levitation of substance without physical contact—one of the most intriguing
physical phenomena—gathers significant interest in scientific communities. A variety of
levitation methods have been developed including levitation via magnetic, aerodynamic,
optical, electrostatic, and acoustic tools. Each of these methods employs a balancing force
that acts on the substance through the surrounding medium without physical contact,
rendering the substance suspended in the medium (mostly air) [1]. Acoustic levitation—the
topic of this review—balances gravity with an acoustic radiation force (ARF) wherein
substance is levitated on the nodes of a standing ultrasonic wave [2]. One of the benefits of
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acoustic levitation is its ability to be used universally without being limited by the material
properties of the levitation target, in comparison with the case of diamagnetic levitation
which requires the levitated sample to be at least weakly diamagnetic [3]. Moreover, recent
innovations in acoustic levitation platforms have provided an affordable and accessible
option for small-scale levitation experiments [4].

One intriguing application of acoustic levitation that has been proposed more recently
is microgravity simulation [5-7]. As humanity continues to look beyond the earth, the
demand for a greater understanding of the effects of space travel and living long term
under microgravity increases. Living organisms have evolved and lived under a constant
1 g acceleration. When this is taken away in a microgravity environment, significant
biological impacts may occur such as loss of bone density [8], loss of cardiac function [9],
and muscular atrophy [10]. High costs and limited accessibility of spaceflight and limited
experimental times of other in-flight microgravity observation methods such as parabolic
flights and drop towers have led to a strong need for on-ground microgravity simulation
platforms. The commonly used on-ground microgravity platforms utilize rotation motion
to average the gravity vector applied to a sample to zero. Such a microgravity simulating
method has been attempted in a clinostat, random positioning machine (RPM), and rotating
wall vessels (RWV). On the other hand, acoustic levitation has not yet been intensively
implemented for the same purpose of microgravity simulation, while its potential to mimic
microgravity has been proposed [5-7].

This review gives an overview of the acoustic levitation technology and its current
applications in different research focused on biological effects. Then, existing on-ground
microgravity simulation platforms are introduced. Finally, a potential application of the
acoustic levitation technology in microgravity research will be discussed with regards to
feasibility and future directions.

2. Acoustic Levitation
2.1. History of Acoustic Levitation

The effects of acoustic forces on particles have been observed since at least 1866 when
the motion of dust particles in resonant tubes was first studied [11]. Then, the behaviors of
both compressible and incompressible spheres in an acoustic field were observed [12,13].
In 1961, Gor’kov created a simplified model for determining forces acting on a particle
in an arbitrary acoustic field, in which the forces acting on particles much smaller than
the acoustic wavelength could be modeled [14]. In 1967, a similar model was created
by Nyborg that could also be utilized to approximate the acoustic forces on a levitating
particle [15].

2.2. Concept of Acoustic Levitation

Particles can be acoustically manipulated in a medium via multiple forces: gradient,
scattered, and streaming forces [16]. The gradient and scattered forces comprise the acoustic
radiation force described by the Gor’kov model. The gradient force pushes the levitated
particle into a low potential or low-pressure zone surrounded by high-pressure zones
(Figure 1a). The scattered force pushes the levitated object along the flow direction of the
acoustic waves (Figure 1b). The streaming-induced force (Figure 1c) results from fluid
movement due to acoustic streaming, a phenomenon that can occur when an acoustic field
is present in the fluid. This fluid movement can push on an object and balance out the
force of gravity acting on that object. In the models that describe these forces, levitation is
strongly dependent on the largest dimensional size of the particle [17-19]. The concept is
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that the balance between the gradient and scattering forces is determined by the factor, ka
(where k =27t/A, A is the wavelength of soundwave, and a is the largest particle size):

kg — 27t(Particle size) 1)

Figure 1. Acoustic radiation forces acting on particles (green dots) in an acoustic field as determined
by the particle size (7) and wavelength (A) of the soundwave. (a) When ka < 1, the gradient force
acts on the particles and they are trapped in the low-pressure nodes. (b) When ka > 1, the scattering
force acts on the particles and they are moved along the direction of the wave. (c) When ka < 1,
acoustic streaming can result in drag forces that act on the particles [16].

When the levitated particle is much smaller than the acoustic wavelength, then the
gradient forces dominate. On the other hand, if the particle being levitated is much larger
than the acoustic wavelength, the scattering forces dominate. See the review by Mohanty
et al. [16] for a more in-depth analysis of these forces involved in acoustic levitation.

The Gor’kov model is limited to describing the acoustic radiation force for spher-
ical objects that are much smaller than the acoustic wavelength (or Rayleigh scattering
regime) [20]. The Gor’kov model also ignores acoustic streaming, acoustic viscous torques,
and harmonic generation [21,22].

Recent advancements in non-resonant levitators such as TinyLev utilize standing
waves and have the ability to manipulate wave node locations [4]. These node locations
can be changed by altering the phases of the opposing acoustic waves generated. Changing
the voltage signals sent to the transducers also causes a change in the pressure potential
present in the medium such as air. This allows for the manipulation of a particle levitating
in a 3D situation.

It is notable that acoustic levitation may have some limitations. First, a medium
is required for acoustic manipulation. This medium, most often air, is required for the
acoustic waves to propagate, and thus, acoustic levitation cannot be applied in a vacuum.
Additionally, the mass and size of a particle can limit its ability to levitate [23]. Particle rota-
tional control needs to be further developed before 3D bulk acoustic wave levitation can be
used for research that requires precise control over particle rotation and orientation [24,25].
Acoustic levitation can also be disturbed by the movement of the surrounding medium.
For example, if there are air drafts present in the area surrounding an acoustic levitator, the
rotation of a levitated particle can be altered, or the particle can even be pushed out of the
trapping field.

2.3. Acoustic Levitation Platforms

Acoustic levitation platforms utilize ultrasonic transducers to apply acoustic radiation
force to a sample. There are several different forms that acoustic levitators can take
(Figure 2). Three major categories that these levitators can fit in are single-beam, resonant,
and non-resonant trapping. The simplest platform is single-beam trapping, which uses
an upward facing ultrasonic transducer to balance the gravitational force with acoustic
radiation force to levitate the sample.
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Figure 2. Various acoustic levitation setups. (a) Single-axis. (b) Two-dimensional Langevin-type

transducer array with reflector. (¢) Four perpendicular arrays of ultrasonic emitters. (d) Single-beam
trapping [20].

Resonant levitators use concave reflectors to produce a stronger trapping force than a
single-beam setup. These platforms can support higher trapping forces because they are
able to produce higher voltage input signals [26]. Resonant levitators function by creating a
pressure potential field using the geometry of a wave produced by a generator/transducer
and its reflection. Samples placed in the levitator can affect the field resonance and thus
change the trapping force. These levitators are sensitive to air conditions such as tempera-
ture and humidity [27]. Resonant levitators are also sensitive to changes in geometry of
both the equipment and the presence of a sample [28]. One of the most common resonant
levitation platforms is the Langevin horn. This is a horn-shaped resonator coupled with a
piezoelectric ultrasonic transducer (Figure 3) [29].

Ultrasenic
transducer

HC

Afp—
5mm

Figure 3. Schematic and imaging of pressure distribution in a Langevin-type single-axis acoustic
levitator. The input from a function generator (FG) is magnified by the amplifier (AMP) and fed into
a piezo-oscillator, exciting the ultrasonic transducer. The ultrasonic wave is reflected by a mirror
reflector connected to a piezo-sensor. HC: high-speed camera; ZL: zoom lens. The image on the right
examples time-averaged pressure distribution captured by HC [29].

A limitation to Langevin horns is that they are difficult to tune and require high
voltages which can be dangerous if the operator is exposed to the circuit. They can also heat
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up throughout use due to these high voltages, which can lead to changes in the acoustic
field and heating of the levitated sample [30,31]. Langevin horns therefore require time to
warm up before being able to produce a stable acoustic field, and temperature-dependent
properties of the levitated sample need to be considered.

Non-resonant levitators function by creating a pressure potential field using the
intersecting wave geometry of two waves created by two opposing sets of transducers [32].
The phase delays can be created either through physical geometry arrangements (changes
in the vertical height of the transducers), or electronically through offsets in the signals used
to generate the acoustic waves [4]. Levitated particles can be manipulated by changing
the phase of the waves produced by one of the transducers. This alters the locations of the
pressure nodes, thereby changing where the particle levitates. Recently, Marzo et al. [4]
developed the TinyLev (Figure 4) device, which has made non-resonant levitation a much
more affordable and accessible alternative. One limitation of TinyLev is that it is not quite
as powerful yet and cannot generate as high acoustic trapping forces. Moreover, TinyLev is
still being proven in its abilities to levitate a wide variety of materials.

Driver Board

Amplitude: Emitting Phase:
Power Sippiy IS0 | v o

Figure 4. Overview of the TinyLev acoustic levitation platform. (a) TinyLev consists of a single-axis

levitator with two 36 transducer arrays which are controlled by a driver board. (b) Modeled acoustic
field showing the emitting phase of the transducers and the pressure at a given point in the field [4].

2.4. Acoustic Levitation of Biological Samples

There have been studies that explore the biocompatibility and applications in biologi-
cal samples of acoustic levitation [5,6,25,33-35]. Jeger-Madiot et al. [33] explored the use
of acoustic levitation for the self-organization of cell cultures into spheroids. Spheroids
are 3D cell assemblies that have shown improved physiological relevance to in vivo cel-
lular conditions compared with typical 2D layered cultures. The main factor limiting the
implementation of spheroids into clinical settings is the difficulty in the predictable repro-
ducibility of spheroids [36]. Jeger-Madiot et al. [33] placed sheets of mesenchymal stem
cells (MSCs) into the acoustic levitation field, and allowed the cultures to levitate. They
achieved spheroid formation after a characteristic period of 10 h levitation (Figure 5). They
further showed that MSCs remained viable post levitation. Wang et al. [34] demonstrated
the ability of ultrasonic manipulation to build reconfigurable arrays of protocells and
natural cells. Utilizing this, they evidenced chemical signal transduction within the cellular
network via a two-step enzymatic cascade reaction. Intriguingly, Li et al. [25] further
extended this potential capability by demonstrating that acoustic levitation could be per-
formed in an open, container-less environment (Figure 6). They developed an artificial cell
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and manipulated it using acoustic levitation and other associated methods implemented
during levitation to study the physical and biochemical effects. The open environment
also provided a significant amount of space, allowing for other instruments to be used.
Via this approach, they could successfully construct the droplet networks of cells using
associated microfluidics and rearrange the cells using acoustic manipulation. This study
strongly supports the use of acoustic levitation to effectively manipulate cell networks and
phenotypes with additional capability to implement other instruments to be associated.

generator

Perfusion
medium

=

Syringe pump

o
mlcroscope

PDMS chip

Incubator 37°C with 5% of CO2

Acoustic levitator

Figure 5. MSC cell sheets self-organize into spheroids when exposed to an acoustic field. (a) Model
of the experimental setup where an ultrasonic transducer is used on the cell medium and recorded
with a video microscope. (b) Over time, MSC cell sheets orient into spheroids [33].

@@
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Figure 6. TinyLev-based droplet lab. (a-1) Model of TinyLev platform wherein the microfluidic device
can be placed. (a-2) Schematic showing the artificial cell with distributed cores. (b) Map showing the
simulation results of acoustic trapping in air (2.2e3 Pa = 2200 Pa). (c) The droplet oscillates until it
stabilizes when trapped. (d) Simulated (top) and experimental (bottom) streaming in a droplet of
water (left) and both water and oil (right). (e) Water droplets manually deposited inside levitated oil
droplets. (f) Multiple artificial cells placed in low-pressure nodes [25].

Tsujino and Tomizaki [37] applied an acoustic levitator for protein crystallography.
They combined the acoustic levitator with a high frame rate pixel array detector for X-
ray crystallography. They applied this equipment to assess protein crystals inside liquid
droplets. The protein crystals rotated quickly inside the droplets during levitation, which
enabled the sampling of a reciprocal space in an efficient manner. They then processed the
collected data using serial femtosecond crystallography (SFX) and modeled the protein
structure using molecular replacement. Based on the electron density and temperature
factor distribution, they demonstrated that the crystals were not damaged during levitation
supporting the viability of the method. They concluded that acoustic levitation could
increase efficiency and reduce the amount of handling required for protein crystallography,
suggesting an important step toward complete automation.

Kepa et al. [35] built on the crystallography capabilities demonstrated by Tsujino
and Tomizaki [37], and observed thin films that are acoustically levitated for protein
crystallography. They emphasized the application of acoustic levitation as a container-less
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environment that can be used across any material, unlike magnetic levitation. They created
thin films to provide a surface for protein crystallography and engineered the shape to
minimize rotation to 1-4 rpm. These films allowed high-viscosity samples to be more easily
placed in the levitator. The open environment of the setup allowed for the implementation
of X-ray diffraction testing. Via this approach, viscous proteins such as those in the liquid-
cubic phase (LCP) could be loaded in the acoustic field and X-ray crystallography could be
performed. The ability to perform X-ray crystallography on LCP proteins is important for
discovering structures that can be used in pharmaceutical production [38].

3. Current On-Ground Microgravity Simulation Platforms

There have been significant advances in on-ground microgravity simulation platforms.
Before discussing the potential usage of acoustic levitation for microgravity, we will briefly
review current microgravity simulators. For more information, see the papers by Kiss
et al. [39] and Ferranti et al. [40].

The way to obtain a real, long-term microgravity environment is through spaceflight.
However, the high cost and limited access to spaceflight prevent this from being a viable
option. Less expensive and more accessible options are thus required that can provide a
weightless environment. Drop towers, parabolic flights, and sounding rockets have been
used to provide microgravity environments. Drop towers provide the most comparable
microgravity conditions to spaceflight while being the cheapest of these alternatives. How-
ever, the experiment time of drop towers is limited to 5-9 s [41]. Sounding rockets can also
generate high-quality microgravity conditions from 102 to 10~* g, but the costs can be
similar to those of satellites and the International Space Station (ISS). The experiment times
of sounding rockets are still limited to around 4-13 min [41].

Due to the limiting factors of these methods, many on-ground microgravity simulators
have been developed (Figure 7). Rather than providing an environment where there is
reduced gravity, these devices aim to counteract gravity. This is commonly carried out in
one of two ways: by reducing the experienced gravity vector to zero through rotational
methods, or by counterbalancing gravity with an electromagnetic force (EMF).

a

External
Support
Structure

Figure 7. Common ground-based microgravity simulators. (a) One-dimensional clinostat. (b) Two-
dimensional clinostat. (c) Three-dimensional clinostat/RPM. (d) Diamagnetic levitation [40].

3.1. Clinostat

The simplest microgravity simulator is the clinostat, which involves the rotation of a
sample around one or two axes. A 2D clinostat rotates the sample around a single horizontal
axis [42,43]. While there are several ways a clinostat can be set up for different applications,
a shared mechanism of all clinostats is a constant rate of rotation. This is applied for both
2D and 3D clinostats, and distinguishes a 3D clinostat from an RPM. Low-speed clinostats
rotating at speeds around 2—4 rpm are often used for larger samples such as whole plants.
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High-speed clinostats, which generally rotate at 30-150 rpm, can be used for cell samples
since the increased rotation rate prevents sedimentation of the particles in the sample,
keeping them suspended in the medium [44]. Clinostats operate based on the principle
of clinorotation [45—-47]. By rotating the sample at a constant rate, the gravity vector is
averaged to zero, effectively eliminating the effects of gravity to target around 10~% g
centrifugal acceleration. For fast-rotating clinostats, when rotated at the proper speed, the
particles in a liquid suspension will stabilize and the rotation radius will move to zero,
replicating a microgravity environment (Figure 8) [48]. Clinostats are the cheapest of all
microgravity simulation platforms. They are simple to create and control, particularly for
2D clinostats which only require constant rotation about a single axis. Clinostats have
been widely used and modified such as combining with potential real-time observation.
One thing to note is that as with all rotational platforms, mechanical stresses such as fluid
shear are inevitable. The 2D clinostats have been used in cellular microgravity research, for
example, recent reports on the effects of clinostat microgravity on the nuclear localization
of a key mechanosensitive transcription regulator, yes-associated protein (YAP) [49-51].
The findings supported the result on YAP from ISS experiments [52] that implemented
downregulated YAP activation under the microgravity condition.

1G 1G

“Container
Rotation

A. Sedimentation B. Microgravity C. Clinorotation
Figure 8. Demonstration of how a fast-rotating clinostat simulates microgravity. Without rotation,
there is sedimentation of the particles due to gravity (A). In microgravity, there is uniform distribution
throughout the container due to a lack of gravitational force (B). With clinostat rotation, the particles
move in a circular pattern (C) (note: the particle rotation observed in C is relative to the container).
As the speed of rotation increases to a certain point, the radius decreases until the particle is nearly
static, similar to microgravity. Adapted and redrawn from [48].

3.2. Random Positioning Machine (RPM)

The setup of the RPM device is analogous to the 3D clinostat. However, unlike the 3D
clinostat providing 3D constant rotation [53,54], the rotation rate in each gimbal frame of
the RPM is constantly changing to provide random sample orientation. Using specialized
algorithms, the rotation rates of each frame are randomly varied at predetermined intervals
to maintain the net gravity vector near zero [55]. The rotation rate of the RPM needs
to be maintained within a range that fulfills two criteria [56,57]: the rotation should be
fast enough to prevent a sample from being able to adapt to the gravity vector but slow
enough to prevent significant centrifugal acceleration on the sample. Using an RPM, high-
quality microgravity conditions can be obtained, e.g., up to around 10~* g [58]. The RPM
has proven to be an effective analog to microgravity for some studies, providing results
more comparable to real microgravity compared to clinostat. Using an RPM, the central
columella cells of Arabidopsis root tips, which are known to be gravity-perceiving cells,
were studied [59]. They compared the plastid position of cells grown on the ground, in
spaceflight, in the RPM, and in a clinostat. They found no statistical difference in plastid
position between spaceflight and the RPM, but they did find a significant difference between
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spaceflight and samples subjected to a clinostat. On the other hand, the result may vary with
the biosystem under investigation. In a study examining Chara rhizoids, Krause et al. [60]
concluded that a fast 2D clinostat produced results more representative of microgravity.
They reported that the microgravity condition with an RPM was not improved over a 2D
clinostat but resulted in greater dispersion due to increased vibrations. It is notable that
results can be affected by the mechanical forces present in each rotational platform, and the
additional axis and increased rotation complexity can make an RPM difficult to control [60].
Additionally, the changes in direction can generate accelerations which may affect the
accuracy of results. Another limiting factor of an RPM is the small effective sample size.
Due to the two axes of rotation, the position of an optimal microgravity condition where
the two axes intersect is small. Moreover, as a sample moves from the center, the centrifugal
acceleration will increase, thereby decreasing the quality of microgravity.

3.3. Rotating Wall Vessels (RWVs)

RWVs operate with the same rotational principles as a 2D clinostat; however, they
allow for a larger sample volume (Figure 9) [61]. The RWV was originally developed by
NASA [62] to protect cell cultures on space shuttle missions during takeoff and landing
but has found use in microgravity simulation. An RWV rotates around 10-20 rpm, which
is determined such that the rotational frequency matches the sedimentation velocity to
keep the cells suspended. One of the primary benefits of an RWV is the increased sample
size, which improves the capability of statistical assessment of the data. Additionally,
an RWV-based bioreactor can have membranes in the vessel used for oxygen exchange,
allowing for more comprehensive biological experiments [63]. This setup also allows for
experimentation with spheroids that can provide more realistic representations of in vivo
cellular conditions. Furthermore, the low shear stress and high mass transfer provided
by the RWV bioreactor are suitable for studies on cell behavior in a more physiological
environment to target cell differentiation, metabolism, and 3D tissue culture [64-66]. A
limiting factor of RWVs on the other hand is that high-density cell cultures will deposit, so
culture densities need to be limited to prevent sedimentation.

A Cells Seeded on Porous Substrate
/ B Cells Seeded on Porous Substrate
- -
k j
\/ Inlet and Outlet
for Media

Exchange Membrane Inlet and Outlet for Media

Side View Front View Side View Front View

Figure 9. Varieties of RWV bioreactors. (A) Slow-turning lateral vessel (STLV). (B) High-aspect ratio
vessel (HARV). Adapted and redrawn from [61].

3.4. Diamagnetic Levitation

Diamagnetic levitation is used to simulate microgravity in a different way than the pre-
vious methods. Instead of averaging the gravity vector to zero using rotation, diamagnetic
levitation provides a microgravity condition by balancing gravity with a magnetic force [67].
This balancing occurs at a molecular level in biological samples due to the diamagnetic
nature of cells. There are several types of magnets used for diamagnetic levitation. By
balancing at a molecular level, diamagnetic levitation does not subject samples to the same
mechanical stresses experienced by rotational platforms as described above. Additionally,
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because a magnetic field can produce a gradient, partial, or hypo-gravity condition that
can be simulated based on the sample’s location in the field, tuning the technique for the
replication of specific gravitational effects is required [68]. Moreover, the strong magnetic
field has been shown to have significant impacts on sample organization and function [69].
Valiron et al. [70] specifically demonstrated that neurons may lose cellular organization
when exposed to a strong magnetic field. This may limit the applications of diamagnetic
levitation as a microgravity simulator for biological samples.

4. Acoustic Levitation as a Microgravity Simulation Platform

While relatively little research currently exists about the microgravity conditions
produced by acoustic levitation, studies have proposed its viable potential. For example,
Li et al. [5] and Cao et al. [6] described the probable usage of acoustic levitation as a tool
to provide microgravity. Recent reports by Vashi et al. [7,71] provided a theoretical basis
for acoustic levitation to be utilized as a functional microgravity simulator and proposed
space-mimicking applications.

Li et al. [5] examined the acoustic levitation of zebrafish embryos and assessed their
biocompatibility. It was found that there existed slight toxicity when embryos were ex-
posed to acoustic levitation, which was ameliorated with the growth of embryos. For
zygote-phase zebrafish that were levitated 1 h after fertilization, an 82% mortality rate was
observed. The zebrafish levitated 32 h after fertilization, however, displayed a 0% mortality
rate. They further proposed that there exists a microgravity environment in the formed
levitation droplet. They claimed that the status of zebrafish being in a suspended situation
is analogous to microgravity as zebrafish in their system do not perceive the earth’s gravity.
They also commented on the realistic benefits of acoustic levitation that could separate it
from other methods in the case where it can be defined as a microgravity simulator. For
instance, the contactless environment that allows for the transport of materials has the
potential to be used for drug delivery, diagnosis, and artificial insemination. The potential
of drug loading via acoustic levitation was also proposed in a report by Benmore and
Weber [72].

Cao et al. [6] explored the use of acoustic levitation for crystallization, and proposed
that ultrasonic levitation could find use as an on-ground microgravity simulator. Specifi-
cally, they assessed that the single-axis acoustic levitator stably levitating a droplet inside a
levitation chamber can function as a valid on-ground microgravity simulator. On the other
hand, they mentioned the potential limitation. They described that acoustic streaming,
non-uniformity in the field, and the convection phenomenon in acoustic levitation may
result in uncontrollable rotation and mass transfer beyond the microgravity condition,
thereby requiring solutions to mitigate these effects. Acoustic streaming can potentially
impact biological samples by generating fluid flows that impose shear stress, alter mass
transfer, and thereby influence cell behavior. These effects could result in increased cell
membrane permeability, altered proliferation, and migration [73,74].

Recently, Vashi et al. [7] provided a detailed, theory-based explanation for the existence
of a microgravity situation in an acoustically levitated droplet. They used a small-scale,
single-axis, non-resonating acoustic levitator, TinyLev, to observe a levitated droplet and
describe the microgravity condition (Figure 10). They described the microgravity condition
of the droplet as a clinostat by analyzing the rotation of the droplet. This rotation is
generated by the ARF that provides a moment due to inevitable misalignment along the
levitation axis. The centrifugal acceleration (a.) of the rotating particle can be approximated
using the following equation:

% = 1127w}, x 1073 )
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where g is gravitational acceleration, r is the radius of the droplet, and w is the angular
velocity of the particle in rpm. Clinostats aim to maintain this centrifugal acceleration below
103 g to simulate microgravity conditions. To approximate the microgravity situation of
levitated droplets, they placed fluorescent microspheres inside the droplets and observed
the rotation using front- and side-facing high-speed cameras. Then, they used the observed
rate of rotation and the minimum radius to provide the minimum acceleration experience
by a particle in the droplet. They took these measurements for 5, 10, and 15 uL droplets and
found that increased droplet size reduces angular velocity and thus decreases centrifugal
acceleration. From these tests, they found that 15 pL droplets with 7.5 volts supplied to the
levitator produced an average minimum centrifugal acceleration of 6 x 1072 g. This value
is larger than the 1073 g that is the standard for most on-ground microgravity simulation
platforms such as a clinostat, but they concluded that this magnitude shows the potential
of the platform to function as a vital microgravity platform. Like the study by Li et al. [5],
they also recognized factors such as air perturbations as potentially affecting the stability of
the system. They observed that air perturbations cause oscillatory behavior of the droplet
which moved the particle away from the center, thus resulting in inconsistent microgravity
conditions. Another limitation of TinyLev is the power output limiting the achievable
microgravity condition. Ultimately, the capability of scaling up experiments as levitation
platforms, particularly with affordable options such as TinyLev, could be limited by the
ultrasonic transducers as the ARF limits the mass that can be levitated. Table 1 lists various
microgravity simulation platforms as described above.

Transparent .
P TinyLev Droplet

() Cover
Front camera gl Backlight ~ Visualisation
Laptop with lens

Transducers

Linear
stage

Levitated
droplet

b
(®) 1mm

Figure 10. Setup and data collection for measuring the microgravity condition of a droplet levitated
in TinyLev. (a) Experimental setup including two perpendicular cameras and the acoustic levitator.
(b) Measurement of droplet dimensions. (c¢) Measurement of rotation speed [7].
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Table 1. Comparisons of various microgravity simulation platforms.
Platform Advantages Disadvantages References
Simple design that is easy to
make and control Mechanical stresses are
Clinostat Cheapest option inevitable and can affect [42-52]
Well established with many results
modifications employed
Microgravity conditions down to Results can be impacted
Random positioning 104 g by mechanical stress due [53-60]
machine (RPM) Some studies show it to be more to rotation
accurate than clinostat Small sample volume
Larger sample volumes Hig.h-densi.ty qﬂtures
Readily used as bioreactors sediment, limiting the
Rotating wall vessel (RWV) Low shear stress and high mass allowable culture density [61-66]
transfer environment for reliable microgravity
simulation
Unlike rotational platforms, Samples must be
which average the gravity vector diamagnetic
iti The necessary stron
Diamagnetic Levitation to 0, it is balanced at a molecular y g [67-70]

Affordable and accessible

Lower-quality
microgravity condition

- Open, container-less environment
that allows for easy observation
and manipulation

- Easy to implement with other
experimental setups

than other platforms
- Air perturbations and
acoustic streaming can
limit the consistency of the
microgravity environment
- Limited sample volume

Acoustic Levitation [5-7,25,71,72]

5. Discussion

We reviewed the current state of acoustic levitation and its usages in various studies
including biomedical applications. By introducing current on-ground platforms for mi-
crogravity, we described the potential of acoustic levitation to be used for microgravity
studies. The current research on microgravity simulation applications of acoustic levitation
is limited, but studies such as Li et al. [5] and Cao et al. [6] demonstrated that a simulated
microgravity environment could exist in acoustically levitated samples. Li et al. [5] ex-
amined the biocompatibility of acoustic levitation and discussed possible benefits of an
acoustic levitation platform including the open and contactless environment. Cao et al. [6]
discussed some potential limitations of the platform including acoustic streaming and
convection along with a non-uniform field. Vashi et al. [7] provided the theory-based expla-
nation for a microgravity condition of an acoustically levitated droplet, defining the system
as functioning as a microgravity platform analogous to a clinostat due to the rotation of
the droplet.

Acoustic levitation has seen many recent advancements and become more accessible
with platforms such as TinyLev [4]. However, there is much research that could be con-
ducted to unlock the full potential of acoustic levitation. As we described above, many
studies have demonstrated potential uses with biological samples [5,33], such as the viabil-
ity of acoustically levitated biological samples compared to magnetic levitation. Levitation
has shown promise as a platform for artificial cell manipulation [25] and drug process-
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ing [72] due to the open, contactless environment. Acoustic levitation can also function
as an instrument of manipulation itself, moving samples with ARFE. Acoustic levitation
also demonstrated its usages in tissue engineering and crystallography applications due
to its environment that can allow for unique and repeatable structures to form such as
spheroids [33].

While acoustic levitation may currently be viable for use in varying biomedical and
biological applications, much remains unresolved for acoustic levitation to be utilized for
microgravity study. There exist limitations in acoustic levitation equipment as well as
our understanding of the levitating particle behavior. Current research suggests that an
acoustically levitated droplet can produce a microgravity condition by functioning as a
clinostat [7]. However, the quality of the microgravity condition in a droplet is limited by its
volume, which is then affected by the acoustic radiation force. Existing acoustic levitation
platforms are currently restricted in their output, so the quality of the microgravity may
not reach the standard 1073 g centrifugal acceleration of most clinostats. Additionally,
levitated droplets lack the stability of dedicated clinostats. Factors such as air perturbations
and acoustic streaming could lead to additional complexities such as inconsistency in
particle movement. This may reduce the reliability and measurability of the accelerations
experienced by a levitating substance. For acoustic levitation to be a viable microgravity
simulator, a more detailed understanding of in-droplet particle rotation and the factors
affecting it needs to be reached. With this advanced knowledge, a levitator could be
engineered to control the movement of levitating particles, providing stable rotation.

While current levitation platforms are still limited in levitation capacity, advancements
in transducer technology will continue to reduce the size and cost while increasing the
power capabilities and precise control of ultrasonic transducers [75]. Another way to
increase the capacity and control of the levitation environment is by optimizing array
geometry [76]. As indicated by Vashi et al. [7], these improvements to droplet capacity in
addition to improved understanding and control of droplet behavior could make acoustic
levitation platforms available as effective clinostats. Coupled with the open, container-less
environment, an acoustic levitator could allow for real-time observation and manipulation
of samples within a simulated microgravity environment. Combined, this may open a
new research theme and tool based on acoustic levitation for addressing the behavior of
biological samples in a microgravity milieu.
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Abbreviations

The following abbreviations are used in this manuscript:

ARF Acoustic Radiation Force
RPM Random positioning machine
RWV Rotating wall vessels

FG Function Generator

AMP  Amplifier

HC High-Speed Camera

ZL Zoom Lens

MSC Mesenchymal Stem Cell

SFX Serial Femtosecond Crystallography
LCP Liquid-Cubic Phase

ISS International Space Station
EMF Electromagnetic Force

YAP Yes-Associated Protein

STLV Slow-Turning Lateral Vessel
HARV  High-Aspect Ratio Vessel

References

1. Santesson, S.; Nilsson, S. Airborne Chemistry: Acoustic Levitation in Chemical Analysis. Anal. Bioanal. Chem. 2004, 378,
1704-1709. [CrossRef] [PubMed]

2. Biicks, K; Miiller, H. Uber einige Beobachtungen an schwingenden Piezoquarzen und ihrem Schallfeld. Z. Fiir Physik. 1933, 84,
75-86. [CrossRef]

3.  Beaugnon, E.; Tournier, R. Levitation of Water and Organic Substances in High Static Magnetic Fields. J. Phys. III 1991, 1, 1423.
[CrossRef]

4. Marzo, A.; Barnes, A.; Drinkwater, BW. TinyLev: A Multi-Emitter Single-Axis Acoustic Levitator. Rev. Sci. Instrum. 2017,
88, 085105. [CrossRef]

5. Li, L; Gu, N.; Dong, H.; Li, B.; Kenneth, T.V.G. Analysis of the Effects of Acoustic Levitation to Simulate the Microgravity
Environment on the Development of Early Zebrafish Embryos. RSC Adv. 2020, 10, 44593-44600. [CrossRef]

6. Cao, H.-L,; Yin, D.-C.; Guo, Y.-Z.; Ma, X.-L.; He, J.; Guo, W.-H.; Xie, X.-Z.; Zhou, B.-R. Rapid Crystallization from Acoustically
Levitated Droplets. J. Acoust. Soc. Am. 2012, 131, 3164-3172. [CrossRef] [PubMed]

7. Vashi, A,; Yadav, A.S.; Nguyen, N.-T.; Sreejith, K.R. Parametric Analysis of Acoustically Levitated Droplet for Potential Micro-
gravity Application. Appl. Acoust. 2023, 213, 109624. [CrossRef]

8.  Grigoriev, A.I; Oganov, V.S.; Bakulin, A.V,; Poliakov, V.V,; Voronin, L.I.; Morgun, V.V; Shnaider, V.S.; Murashko, L.V.; Novikov,
V.E.; LeBlank, A; et al. Clinical and physiological evaluation of bone changes among astronauts after long-term space flights.
Aviakosm. Ekolog. Med. 1998, 32, 21-25.

9.  Levine, B.D.; Zuckerman, ].H.; Pawelczyk, ].A. Cardiac Atrophy after Bed-Rest Deconditioning: A Nonneural Mechanism for
Orthostatic Intolerance. Circulation 1997, 96, 517-525. [CrossRef]

10. Edgerton, V.R.; Zhou, M.Y,; Ohira, Y.; Klitgaard, H.; Jiang, B.; Bell, G.; Harris, B.; Saltin, B.; Gollnick, P.D.; Roy, R.R. Human Fiber
Size and Enzymatic Properties after 5 and 11 Days of Spaceflight. J. Appl. Physiol. 1995, 78, 1733-1739. [CrossRef]

11. Kundt, A. Ueber Eine Neue Art Akustischer Staubfiguren Und Uber Die Anwendung Derselben Zur Bestimmung Der
Schallgeschwindigkeit in Festen Kérpern Und Gasen. Ann. Physik. 1866, 203, 497-523. [CrossRef]

12.  Yosioka, K.; Kawasima, Y. Acoustic Radiation Pressure on a Compressible Sphere. Acta Acust. United Acust. 1955, 5, 167-173.

13. King, L.V. On the Acoustic Radiation Pressure on Spheres. Proc. R. Soc. Lond. Ser. A 1997, 147, 212-240. [CrossRef]

14.  Gor’kov, L.P. Forces Acting on a Small Particle in an Acoustic Field within an Ideal Fluid. Dokl. Akad. Nauk. SSSR 1961, 140, 88-91.

15. Nyborg, W.L. Radiation Pressure on a Small Rigid Sphere. J. Acoust. Soc. Am. 1967, 42, 947-952. [CrossRef]

16. Mohanty, S.; Khalil, .5.M.; Misra, S. Contactless Acoustic Micro/Nano Manipulation: A Paradigm for Next Generation Applica-
tions in Life Sciences. Proc. R. Soc. Lond. Ser. A 2020, 476, 20200621. [CrossRef]

17. Meng, L.; Cai, F; Li, F.; Zhou, W.; Niu, L.; Zheng, H. Acoustic Tweezers. |. Phys. D Appl. Phys. 2019, 52, 273001. [CrossRef]

18. Destgeer, G.; Sung, H.J]. Recent Advances in Microfluidic Actuation and Micro-Object Manipulation via Surface Acoustic Waves.
Lab Chip 2015, 15, 2722-2738. [CrossRef]

19. Wiklund, M.; Green, R.; Ohlin, M. Acoustofluidics 14: Applications of Acoustic Streaming in Microfluidic Devices. Lab Chip 2012,

12, 2438-2451. [CrossRef]


https://doi.org/10.1007/s00216-003-2403-2
https://www.ncbi.nlm.nih.gov/pubmed/14762640
https://doi.org/10.1007/BF01330275
https://doi.org/10.1051/jp3:1991199
https://doi.org/10.1063/1.4989995
https://doi.org/10.1039/D0RA07344J
https://doi.org/10.1121/1.3688494
https://www.ncbi.nlm.nih.gov/pubmed/22501088
https://doi.org/10.1016/j.apacoust.2023.109624
https://doi.org/10.1161/01.CIR.96.2.517
https://doi.org/10.1152/jappl.1995.78.5.1733
https://doi.org/10.1002/andp.18662030402
https://doi.org/10.1098/rspa.1934.0215
https://doi.org/10.1121/1.1910702
https://doi.org/10.1098/rspa.2020.0621
https://doi.org/10.1088/1361-6463/ab16b5
https://doi.org/10.1039/C5LC00265F
https://doi.org/10.1039/c2lc40203c

Bioengineering 2025, 12, 458 15 of 17

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

Andrade, M.A.B.; Marzo, A.; Adamowski, ].C. Acoustic Levitation in Mid-Air: Recent Advances, Challenges, and Future
Perspectives. Appl. Phys. Lett. 2020, 116, 250501. [CrossRef]

Hasegawa, K.; Qiu, L.; Noda, A.; Inoue, S.; Shinoda, H. Electronically Steerable Ultrasound-Driven Long Narrow Air Stream.
Appl. Phys. Lett. 2017, 111, 064104. [CrossRef]

Andrade, M.A.B.; Ramos, T.S.; Okina, FT.A.; Adamowski, J.C. Nonlinear Characterization of a Single-Axis Acoustic Levitator.
Rev. Sci. Instrum. 2014, 85, 045125. [CrossRef]

Jackson, D.P.; Chang, M.-H. Acoustic Levitation and the Acoustic Radiation Force. Am. J. Phys. 2021, 89, 383-392. [CrossRef]
Cox, L.; Croxford, A.; Drinkwater, B.W.; Marzo, A. Acoustic Lock: Position and Orientation Trapping of Non-Spherical Sub-
Wavelength Particles in Mid-Air Using a Single-Axis Acoustic Levitator. Appl. Phys. Lett. 2018, 113, 054101. [CrossRef]

Li, J.; Jamieson, W.D.; Dimitriou, P.; Xu, W.; Rohde, P.; Martinac, B.; Baker, M.; Drinkwater, B.W.; Castell, O.K.; Barrow,
D.A. Building Programmable Multicompartment Artificial Cells Incorporating Remotely Activated Protein Channels Using
Microfluidics and Acoustic Levitation. Nat. Commun. 2022, 13, 4125. [CrossRef]

Lin, S. Study on the Multifrequency Langevin Ultrasonic Transducer. Ultrasonics 1995, 33, 445—448. [CrossRef]

Xie, WJ.; Cao, C.D.; Lii, Y.J.; Hong, Z.Y.; Wei, B. Acoustic Method for Levitation of Small Living Animals. Appl. Phys. Lett. 2006,
89, 214102. [CrossRef]

Andrade, M.A.B.; Buiochi, F.; Adamowski, J.C. Finite Element Analysis and Optimization of a Single-Axis Acoustic Levitator.
IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2010, 57, 469-479. [CrossRef]

Tsujino, S.; Shinoda, A.; Tomizaki, T. On-Demand Droplet Loading of Ultrasonic Acoustic Levitator and Its Application for
Protein Crystallography Experiments. Appl. Phys. Lett. 2019, 114, 213702. [CrossRef]

Lewis, G.K., Jr.; Olbricht, W.L. Design and Characterization of a High-Power Ultrasound Driver with Ultralow-Output Impedance.
Rev. Sci. Instrum. 2009, 80, 114704. [CrossRef]

Weber, ].K.R.; Rey, C.A.; Neuefeind, J.; Benmore, C.J. Acoustic Levitator for Structure Measurements on Low Temperature Liquid
Droplets. Rev. Sci. Instrum. 2009, 80, 083904. [CrossRef] [PubMed]

Andrade, M.A.B.; Pérez, N.; Adamowski, ].C. Particle Manipulation by a Non-Resonant Acoustic Levitator. Appl. Phys. Lett. 2015,
106, 014101. [CrossRef]

Jeger-Madiot, N.; Arakelian, L.; Setterblad, N.; Bruneval, P.,; Hoyos, M.; Larghero, J.; Aider, J.-L. Self-Organization and Culture of
Mesenchymal Stem Cell Spheroids in Acoustic Levitation. Sci. Rep. 2021, 11, 8355. [CrossRef]

Wang, X,; Tian, L.; Ren, Y.; Zhao, Z.; Du, H.; Zhang, Z.; Drinkwater, B.W.; Mann, S.; Han, X. Chemical Information Exchange
in Organized Protocells and Natural Cell Assemblies with Controllable Spatial Positions. Small 2020, 16, 1906394. [CrossRef]
[PubMed]

Kepa, M.W.,; Tomizaki, T.; Sato, Y.; Ozerov, D.; Sekiguchi, H.; Yasuda, N.; Aoyama, K.; Skopintsev, P.; Standfuss, ].; Cheng, R.; et al.
Acoustic Levitation and Rotation of Thin Films and Their Application for Room Temperature Protein Crystallography. Sci. Rep.
2022, 12, 5349. [CrossRef]

Edmondson, R.; Broglie, ].J.; Adcock, A.E; Yang, L. Three-Dimensional Cell Culture Systems and Their Applications in Drug
Discovery and Cell-Based Biosensors. Assay Drug Dev. Technol. 2014, 12, 207-218. [CrossRef]

Tsujino, S.; Tomizaki, T. Ultrasonic Acoustic Levitation for Fast Frame Rate X-Ray Protein Crystallography at Room Temperature.
Sci. Rep. 2016, 6, 25558. [CrossRef]

Rucktooa, P.; Cheng, RK.Y,; Segala, E.; Geng, T.; Errey, ].C.; Brown, G.A.; Cooke, R.M.; Marshall, FH.; Doré, A.S. Towards High
Throughput GPCR Crystallography: In Meso Soaking of Adenosine A2A Receptor Crystals. Sci. Rep. 2018, 8, 41. [CrossRef]
[PubMed]

Kiss, J.Z.; Wolverton, C.; Wyatt, S.E.; Hasenstein, K.H.; van Loon, J.J. Comparison of Microgravity Analogs to Spaceflight in
Studies of Plant Growth and Development. Front. Plant Sci. 2019, 10, 1577. [CrossRef]

Ferranti, F,; Del Bianco, M.; Pacelli, C. Advantages and Limitations of Current Microgravity Platforms for Space Biology Research.
Appl. Sci. 2021, 11, 68. [CrossRef]

Bohmer, M.; Schleiff, E. Microgravity Research in Plants. EMBO Rep. 2019, 20, e48541. [CrossRef] [PubMed]

Knight, T.A. On the Direction of the Radicle and Germen during the Vegetation of Seeds. By Thomas Andrew Knight, Esq. F. R. S.
In a Letter to the Right Hon. Sir Joseph Banks, K.B.P.R.S. Proc. R. Soc. Lond. 1832, 1, 218-220. [CrossRef]

von Sachs, J. Uber Ausschliessung der geotropischen und heliotropischen Kr mmungen wahrend des Wachsens. Arb. Bot. Inst.
Wurzbg. 1879, 2, 209-225.

Cogoli, M. The Fast Rotating Clinostat: A History of Its Use in Gravitational Biology and a Comparison of Ground-Based and
Flight Experiment Results. ASGSB Bull. 1992, 5, 59-67.

Héder, D.-P; Hemmersbach, R.; Lebert, M. Gravity and the Behavior of Unicellular Organisms. In Developmental and Cell Biology
Series; Cambridge University Press: Cambridge, UK, 2005; ISBN 978-0-521-82052-3.

Klaus, D.M.; Todd, P,; Schatz, A. Functional Weightlessness during Clinorotation of Cell Suspensions. Adv. Space Res. 1998, 21,
1315-1318. [CrossRef] [PubMed]


https://doi.org/10.1063/5.0012660
https://doi.org/10.1063/1.4985159
https://doi.org/10.1063/1.4872356
https://doi.org/10.1119/10.0002764
https://doi.org/10.1063/1.5042518
https://doi.org/10.1038/s41467-022-31898-w
https://doi.org/10.1016/0041-624X(95)00051-4
https://doi.org/10.1063/1.2396893
https://doi.org/10.1109/TUFFC.2010.1427
https://doi.org/10.1063/1.5095574
https://doi.org/10.1063/1.3258207
https://doi.org/10.1063/1.3196177
https://www.ncbi.nlm.nih.gov/pubmed/19725664
https://doi.org/10.1063/1.4905130
https://doi.org/10.1038/s41598-021-87459-6
https://doi.org/10.1002/smll.201906394
https://www.ncbi.nlm.nih.gov/pubmed/32105404
https://doi.org/10.1038/s41598-022-09167-z
https://doi.org/10.1089/adt.2014.573
https://doi.org/10.1038/srep25558
https://doi.org/10.1038/s41598-017-18570-w
https://www.ncbi.nlm.nih.gov/pubmed/29311713
https://doi.org/10.3389/fpls.2019.01577
https://doi.org/10.3390/app11010068
https://doi.org/10.15252/embr.201948541
https://www.ncbi.nlm.nih.gov/pubmed/31267713
https://doi.org/10.1098/rspl.1800.0119
https://doi.org/10.1016/S0273-1177(97)00404-3
https://www.ncbi.nlm.nih.gov/pubmed/11541387

Bioengineering 2025, 12, 458 16 of 17

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

Dedolph, R.R.; Dipert, M.H. The Physical Basis of Gravity Stimulus Nullification by Clinostat Rotation. Plant Physiol. 1971, 47,
756-764. [CrossRef]

United Nations Office for Outer Space Affairs. Teacher’s Guide to Plant Experiments; United Nations: Vienna, Austria, 2013.
Available online: https://www.unoosa.org/oosa/oosadoc/data/documents/2013/stspace/stspace63_0.html (accessed on 25
February 2025).

Thompson, M.; Woods, K.; Newberg, J.; Oxford, ].T.; Uzer, G. Low-Intensity Vibration Restores Nuclear YAP Levels and Acute
YAP Nuclear Shuttling in Mesenchymal Stem Cells Subjected to Simulated Microgravity. NP] Microgravity 2020, 6, 35. [CrossRef]
Zhou, Y,; Lv, W,; Peng, X.; Cheng, Y.; Tu, Y.; Song, G.; Luo, Q. Simulated Microgravity Attenuates Skin Wound Healing by
Inhibiting Dermal Fibroblast Migration via F-Actin/YAP Signaling Pathway. J. Cell. Physiol. 2023, 238, 2751-2764. [CrossRef]
Lv, W.; Peng, X.; Tu, Y.; Shi, Y.; Song, G.; Luo, Q. YAP Inhibition Alleviates Simulated Microgravity-Induced Mesenchymal Stem
Cell Senescence via Targeting Mitochondrial Dysfunction. Antioxidants 2023, 12, 990. [CrossRef]

Wubshet, N.H.; Cai, G.; Chen, S.J.; Sullivan, M.; Reeves, M.; Mays, D.; Harrison, M.; Varnado, P.; Yang, B.; Arreguin-Martinez, E.;
et al. Cellular Mechanotransduction of Human Osteoblasts in Microgravity. NP] Microgravity 2024, 10, 35. [CrossRef]

Hoson, T.; Kamisaka, S.; Masuda, Y.; Yamashita, M. Changes in Plant Growth Processes under Microgravity Conditions Simulated
by a Three-Dimensional Clinostat. Bot. Mag. 1992, 105, 53-70. [CrossRef]

Hoson, T.; Kamisaka, S.; Masuda, Y.; Yamashita, M.; Buchen, B. Evaluation of the Three-Dimensional Clinostat as a Simulator of
Weightlessness. Planta 1997, 203, S187-5197. [CrossRef] [PubMed]

Borst, A.G.; van Loon, ].J.W.A. Technology and Developments for the Random Positioning Machine, RPM. Microgravity Sci.
Technol. 2008, 21, 287. [CrossRef]

Mesland, D.A.M. Novel Ground-Based Facilities for Research in the Effects of Weight. ESA Microgravity News 1996, 9, 5-10.

van Loon, J.J. Some History and Use of the Random Positioning Machine, RPM, in Gravity Related Research. Adv. Space Res. 2007,
39, 1161-1165. [CrossRef]

Grimm, D.; Wehland, M.; Pietsch, J.; Aleshcheva, G.; Wise, P.; van Loon, J.; Ulbrich, C.; Magnusson, N.E.; Infanger, M.; Bauer, J.
Growing Tissues in Real and Simulated Microgravity: New Methods for Tissue Engineering. Tissue Eng. Part B Rev. 2014, 20,
555-566. [CrossRef]

Kraft, T.; Loon, J.; Kiss, J. Plastid Position in Arabidopsis Columella Cells Is Similar in Microgravity and on a Random-Positioning
Machine. Planta 2000, 211, 415-422. [CrossRef]

Krause, L.; Braun, M.; Hauslage, J.; Hemmersbach, R. Analysis of Statoliths Displacement in Chara Rhizoids for Validating the
Microgravity-Simulation Quality of Clinorotation Modes. Microgravity Sci. Technol. 2018, 30, 229-236. [CrossRef]

Martin, Y.; Vermette, P. Bioreactors for Tissue Mass Culture: Design, Characterization, and Recent Advances. Biomaterials 2005, 26,
7481-7503. [CrossRef]

Schwarz, R.P; Goodwin, T.J.; Wolf, D.A. Cell Culture for Three-Dimensional Modeling in Rotating-Wall Vessels: An Application
of Simulated Microgravity. J. Tissue Cult. Methods 1992, 14, 51-57. [CrossRef]

Klaus, D.M. Clinostats and Bioreactors. Gravit. Space Biol. Bull. 2001, 14, 55-64.

Gardner, J.K.; Herbst-Kralovetz, M.M. Three-Dimensional Rotating Wall Vessel-Derived Cell Culture Models for Studying
Virus-Host Interactions. Viruses 2016, 8, 304. [CrossRef]

Goodwin, T.J.; McCarthy, M.; Osterrieder, N.; Cohrs, R.J.; Kaufer, B.B. Three-Dimensional Normal Human Neural Progenitor
Tissue-Like Assemblies: A Model of Persistent Varicella-Zoster Virus Infection. PLoS Pathog. 2013, 9, e1003512. [CrossRef]
[PubMed]

Cui, Y;; Liu, W,; Zhao, S.; Zhao, Y.; Dai, J]. Advances in Microgravity Directed Tissue Engineering. Adv. Healthc. Mater. 2023,
12,2202768. [CrossRef] [PubMed]

Herranz, R.; Larkin, O.J.; Dijkstra, C.E.; Hill, R.J.; Anthony, P.; Davey, M.R.; Eaves, L.; van Loon, ].J.; Medina, FJ.; Marco, R.
Microgravity Simulation by Diamagnetic Levitation: Effects of a Strong Gradient Magnetic Field on the Transcriptional Profile of
Drosophila Melanogaster. BMC Genom. 2012, 13, 52. [CrossRef] [PubMed]

Valles, ].M.; Maris, H.J.; Seidel, G.M.; Tang, J.; Yao, W. Magnetic Levitation-Based Martian and Lunar Gravity Simulator. Adv.
Space Res. 2005, 36, 114-118. [CrossRef]

Maret, G.; Dransfeld, K. Biomolecules and Polymers in High Steady Magnetic Fields. In Strong and Ultrastrong Magnetic Fields and
Their Applications; Herlach, F., Ed.; Springer: Berlin/Heidelberg, Germany, 1985; pp. 143-204. ISBN 978-3-540-38962-0.

Valiron, O.; Peris, L.; Rikken, G.; Schweitzer, A.; Saoudi, Y.; Remy, C.; Job, D. Cellular Disorders Induced by High Magnetic Fields.
J. Magn. Reason. Imaging 2005, 22, 334-340. [CrossRef]

Vashi, A.; Sreejith, K.R.; Nguyen, N.-T. Lab-on-a-Chip Technologies for Microgravity Simulation and Space Applications.
Micromachines 2023, 14, 116. [CrossRef]

Benmore, C.J.; Weber, ] K.R. Amorphization of Molecular Liquids of Pharmaceutical Drugs by Acoustic Levitation. Phys. Rev. X
2011, 1, 011004. [CrossRef]


https://doi.org/10.1104/pp.47.6.756
https://www.unoosa.org/oosa/oosadoc/data/documents/2013/stspace/stspace63_0.html
https://doi.org/10.1038/s41526-020-00125-5
https://doi.org/10.1002/jcp.31126
https://doi.org/10.3390/antiox12050990
https://doi.org/10.1038/s41526-024-00386-4
https://doi.org/10.1007/BF02489403
https://doi.org/10.1007/PL00008108
https://www.ncbi.nlm.nih.gov/pubmed/9299798
https://doi.org/10.1007/s12217-008-9043-2
https://doi.org/10.1016/j.asr.2007.02.016
https://doi.org/10.1089/ten.teb.2013.0704
https://doi.org/10.1007/s004250000302
https://doi.org/10.1007/s12217-017-9580-7
https://doi.org/10.1016/j.biomaterials.2005.05.057
https://doi.org/10.1007/BF01404744
https://doi.org/10.3390/v8110304
https://doi.org/10.1371/journal.ppat.1003512
https://www.ncbi.nlm.nih.gov/pubmed/23935496
https://doi.org/10.1002/adhm.202202768
https://www.ncbi.nlm.nih.gov/pubmed/36893386
https://doi.org/10.1186/1471-2164-13-52
https://www.ncbi.nlm.nih.gov/pubmed/22296880
https://doi.org/10.1016/j.asr.2005.01.081
https://doi.org/10.1002/jmri.20398
https://doi.org/10.3390/mi14010116
https://doi.org/10.1103/PhysRevX.1.011004

Bioengineering 2025, 12, 458 17 of 17

73. Ding, X,; Li, P; Lin, S.-C.S,; Stratton, Z.S.; Nama, N.; Guo, F; Slotcavage, D.; Mao, X.; Shi, J.; Costanzo, E; et al. Surface Acoustic
Wave Microfluidics. Lab Chip 2013, 13, 3626-3649. [CrossRef]

74. Guo, F; Li, P; French, ].B.; Mao, Z.; Zhao, H.; Li, S.; Nama, N.; Fick, ].R.; Benkovic, S.J.; Huang, T.J. Controlling Cell-Cell
Interactions Using Surface Acoustic Waves. Proc. Natl. Acad. Sci. USA 2015, 112, 43-48. [CrossRef] [PubMed]

75. Li, J; Ma, Y;; Zhang, T.; Shung, KK.; Zhu, B. Recent Advancements in Ultrasound Transducer: From Material Strategies to
Biomedical Applications. BMEE Front. 2022, 2022, 9764501. [CrossRef] [PubMed]

76. Jiang, L.; Chen, Y; Qiao, B.; Fan, S.; Wang, Y.; Li, X. Enhancing Acoustic Levitation Capacity through Array Geometry Optimization.
Appl. Acoust. 2024, 222, 110040. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1039/c3lc50361e
https://doi.org/10.1073/pnas.1422068112
https://www.ncbi.nlm.nih.gov/pubmed/25535339
https://doi.org/10.34133/2022/9764501
https://www.ncbi.nlm.nih.gov/pubmed/37850168
https://doi.org/10.1016/j.apacoust.2024.110040

	Introduction 
	Acoustic Levitation 
	History of Acoustic Levitation 
	Concept of Acoustic Levitation 
	Acoustic Levitation Platforms 
	Acoustic Levitation of Biological Samples 

	Current On-Ground Microgravity Simulation Platforms 
	Clinostat 
	Random Positioning Machine (RPM) 
	Rotating Wall Vessels (RWVs) 
	Diamagnetic Levitation 

	Acoustic Levitation as a Microgravity Simulation Platform 
	Discussion 
	References

