
Micro/Nano Robotics (ME436)

Week 07: Acoustic Micromanipulation

Mahmut Selman Sakar

Institute of Mechanical Engineering, EPFL

1



Lecture Overview

• Standing waves

• Traveling waves

• Acoustic streaming and radiation forces
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Acoustic radiation pressure

• Summary of acoustic tweezing techniques
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Particle Manipulation Overview

• Optical tweezers: Very high spatial resolution, force 
measurement, microparticles (dielectric and optical properties)
– Plasmonic tweezers: nanoscale particles
– Thermal management

• Magnetic tweezers: Larger forces, high spatial resolution, force 
measurement, magnetic microparticles

• Acoustic tweezers: Large length scale (nano- to millimeter), 
material-independent, interactions with the medium

• Aerodynamic levitation and microfluidic techniques (fluid flow)

• Electrical levitation and electrophroresis
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Acoustic Levitation

• Generation of a standing wave between transducer and reflector

• Potential well of the sound field is used to trap small objects 
including liquid drops, gas bubbles, solid particles

• Spatial variation in the pressure field à the momentum of the fluid 
impart force on the particle that on average non-zero.

• Objects experience a steady time-averaged acoustic radiation force

• First reported by Kundt et al in 1866

• Resonant vs non-resonant configuration

• Resonant configuration: distance between the 

transducer and the reflector must be a multiple of a 

half wavelength
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Theory

• Gor’kov developed a general theory for incompressible and 
compressible particles in 1962

6

• Angular brackets denote the time average over one period of 
oscillation

• The integral of the acoustic radiation pressure pa over the entire 
surface S of an object give the radiation force

• First term represents a real pressure, whereas second term is 
the negative Bernoulli pressure that leads to a suction effect



Concept (video)

• Radiation force on a sphere from a traveling sound wave is proportional 
to the 6th power of the ratio of the sphere radius to the wavelength

• Proportional to the 3rd power in a standing sound wave
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Implementation

• Single-axis levitator

• Samples levitated at the pressure nodes (minima)
– l/2

• Object size limit ～ l/2
– Max size of the potential well

– Typical sample size l/4 - l/3

• Concave reflector
– Enhance stability

• Different levitation performance at different pressure nodes
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Acoustic Levitation in Air

• Single-axis transducer with f=16.7kHz, wavelength=20.3mm
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• Distance between emitter and 
reflector is adjusted to 1.5 l

• Excites n=3 resonant modes 
of the standing wave

• Three possible levitation 
positions along the axis

• Animals survived after 30 
minutes of levitation



Acoustic Impedance

• Impedance is given by
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𝑧 = 𝜌𝑣

𝑍!"#$% = 𝜌!𝑐! = 10&kg/m3×1450m/s ≅ 10'	kg/m2s

𝑍"(% = 𝜌"𝑐" = 1.2kg/m3×330m/s ≅ 400 kg/m2s

• The interface between the animal and air can be regarded as a 
rigid boundary

• Scattering of the incident field: strengthening of the two pressure 
maxima near the object

• Resonance shift effect

• The equilibrium position is determined by comparing the acoustic 
radiation force and the gravity.



Computational analysis

• Velocity potential expressed as the boundary integral equation over the 
surfaces and numerically solved using boundary element method

• Maximum levitation force: 1.5G

• Equilibrium position at 0.79
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Dynamic Acoustic Levitation
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Dynamic Acoustic Levitation
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Dynamic Acoustic Levitation
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Dynamic Acoustic Levitation
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Manipulation of bubbles inside embryos
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4.0 and 4.25 MHz, bubbles smaller than 4 mm move to the antinode, 
while those larger than 4 mm move to the node (shown in Fig. 1E). 
A wide range of microbubbles and clusters of microbubbles (~6 to 
14 mm) were detected in the in vitro experiments. The microbubbles 
used in the ZFE therefore move toward the pressure node (see also 
fig. S3 and movie S2).

In vivo microbubble trapping
In this section, we focus on trapping a freely recirculating gas-filled 
microbubble in the vasculature of a ZFE. In Fig. 2 (A and C), a 
microbubble circulates from right to left in the DA until the acoustic 
field is turned on at 2.3 s. The consequent primary acoustic radia-
tion force, FR, moves the bubble into the nearest acoustic trap (node), 
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Fig. 1. Experimental design and concept of the in vivo acoustic manipulation system. (A) Schematic of the in vivo acoustofluidic device, which comprises a transpar-
ent PDMS chamber for the ZFE and four identical piezo transducers. (B) Micrograph of the in vivo acoustic manipulation chamber. Red dye was infused to highlight the 
channel. (C) Schematic of an acoustic wave penetrating a ZFE. A standing acoustic wave is established across a ZFE that is fixed in agar gel. When the acoustic wave en-
counters the PDMS/agar and agar/ZFE interfaces, its energy is partially reflected and partially transmitted (see also table S1). (D) The 2D lattice-like acoustic pattern is 
produced inside the microchannel by the acoustic system. (E) The 1D patterning demonstrates microbubbles that have resonance frequencies larger than the excitation fre-
quency positioned at the pressure antinodes, while microbubbles having smaller resonance frequency than the excitation frequency are trapped at the nodes. An ultrasound 
induced 1D patterning of gas-filled microbubbles. The images illustrate the distribution of microbubbles before and after applying ultrasound. In the 1D pattern, micro-
bubbles with resonance frequencies higher than the excitation frequency are shown positioned at the pressure antinodes, while microbubbles with resonance frequencies 
lower than the excitation frequency are seen trapped at the nodes. (F) Fluorescence image of a tg(kdrl:eGFP) ZFE, expressing green fluorescent protein (GFP) in endothelial 
cells, highlighting its vasculature network. Red arrows indicate direction of blood flow, e.g., dorsal artery (DA), intersegmental vessels (ISV), and posterior cardinal vein (PCV).
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In vivo microbubble manipulation
Next, we demonstrate controlled dynamic manipulation of trapped 
microbubbles inside a ZFE. Trapped microbubbles can be made 
to translate by changing the nodal positions of a standing wave-
field, i.e., by tuning the excitation frequency emitted by the piezo 
transducer. A change in frequency Df results in a change in wave-
length Dl. Since the microbubbles are trapped at the nodes, they 
move with the node shift; however, the effective range of this 
manipulation is extremely small (see also movie S3). The piezo-
electric transducers mounted to the setup have a quality factor Q 
of 26 to 93 and achieve maximum oscillation when activated at their 
resonance frequency of 4.05 to 4.17 MHz (see also figs. S6 and S7). 
Driving the transducers off-resonance decreases the mechanical 
output amplitude, thus limiting effective translation of the mi-
crobubbles. Within the frequency window of 4.0 to 4.25 MHz, the 
difference in wavelength in water is approximately ∆l = l1 − 
l2 ≈ 23 mm.

To increase the range of motion, we positioned the fish chamber 
2 mm off-center relative to the wavefield, shown schematically in 
Fig. 3A. In a standing wavefield, each node location is sited half a 
wavelength (l/2) away from its adjacent antinodes. A change in fre-
quency Df results in a change in wavelength Dl; the node positions 
therefore shift when the excitation frequency is modulated, with 
only the node at the center of the wavefield remaining stationary. 
The displacement of each node increases proportionally with its 
distance from the center (3); that is, when we change the wavelength 
by Dl, the innermost antinodes, which are half a wavelength (l/2) 
from the central node, will move by Dl/2 ; the next tier out, which is 
one wavelength (l) from the center, moves by Dl; the ones that are 
two wavelengths (2l) from the center move by 2Dl; and so forth. 
Siting the chamber five wavelengths (5l = 2 mm) off-center made 
the node translations five times larger than the shift in wavelength 
(Dl = 23 mm), producing a net translation of 5 × 23 = 115 mm (see 
also figs. S6 and S7 and movie S4).

The piezo transducers arranged to the left and right of the ZFE 
control the x position of the microbubble, while those above and 
below control its y position (Fig. 3A). Figure 3B shows a super-
imposed time-lapse image of a microbubble that was manipulated 
right to left by increasing the frequency of the x-axis piezo transduc-
ers from 4.0 to 4.25 MHz at 15 VPP, while the y-axis piezo is kept 
constant at 4.1 MHz and 12.5 VPP. The microbubble traveled 106 mm 
upstream in the PCV, i.e., against blood flow, over the course of 13 s 
(movie S7). This movement of 106 mm is 92% of the maximal net 
translation of the device. Likewise, Fig. 3C illustrates a microbubble 
maneuver in the y direction within the 16-mm-wide DA as the y-axis 
piezo transducers were switched from 4.0 to 4.25 and back to 4.0 MHz 
at 12.5 VPP, causing the microbubble to move orthogonally to the 
flow (movie S9). During this process, the x-oriented transducers 
were maintained constant at a frequency of 4.1 MHz and amplitude 
of 12.5 VPP sufficient to counter the blood flow, thus holding the 
microbubble in the x direction. The microbubble does not move 
further than 16 mm, as it is blocked by the vessel walls of the DA. Such 
complete 2D control of a microrobot inside a vasculature under flow 
would allow the navigation of injected carriers through the body to 
a target location. Therefore, this approach could provide a founda-
tion for future locally targeted drug delivery or spatially selective 
drug screening.

Manipulation of microbubbles in different regions
We demonstrated manipulation of microbubbles in the DA and the 
PCV, which are the two largest vessels in the ZFE exhibiting the highest 
flow rates (56). Subsequent experiments investigate whether this 
acoustic-directed movement is repeatable and reversible through-
out the body in different regions. With this control, a microbubble 
could be injected near the heart and manipulated to an arbitrary 
location in the vasculature. In Fig. 4A, a constant frequency was applied 
in the y direction such that the bubble was fixed in the middle of the 
DA. Meanwhile, switching the frequency between 4.1 and 4.15 MHz 
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Fig. 3. 2D control of a microbubble using frequency modulation control. (A) A schematic demonstrates the zebrafish chamber positioned 2 mm off-center with re-
spect to the orthogonally positioned transducer pairs enabling a wider manipulation range. (B) A microbubble is made to move in the x direction against the flow as 
the transducers placed in line with the fish have their frequencies changed from fx1 = 4.0 MHz to fx2 = 4.25 MHz, 15 VPP, while fy = 4.1 MHz is kept constant at 
12.5 VPP. (C) Equivalently, altering the excitation frequency of the piezo transducers alongside the ZFE from fy1 = 4.0 MHz to fy2 = 4.25 MHz at 12.5 VPP and back to fy3 = 
4.1 MHz at 12.5 VPP thus results in movement of the microbubble in the y direction, i.e., perpendicular to the blood flow. In the process, the particle remains stable in the 
x direction as fx = 4.1 MHz is kept constant.
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delivering a heart disease medication directly to the heart would 
enable precise observation of its metabolism, toxicologic effects, and 
elimination in that tissue. Furthermore, selective delivery by means 
of micromanipulation can aid in decreasing off-target effects and 
increasing therapeutic efficacy.

Here, we present an in vivo acoustic manipulation device and 
demonstrate microparticle manipulation under blood flow in the 
vasculatures of ZFEs. In particular, we show acoustic manipulation 
of gas-filled microbubbles with micrometer precision along with 
2D spatial control of a microbubble. We achieved this by designing 
the zebrafish chamber to be off-center and applying frequency 
modulation control of the acoustic field. We also demonstrate re-
versible manipulation, i.e., controlled back and forth motion, of mi-
crobubbles in the intersegmental vessels (ISVs) and the cerebral 
blood vessels of ZFEs. Last, we confirmed the viability of ZFEs in 
the presence of the acoustic field.

RESULTS
Experimental setup
Our in vivo acoustic manipulation device was composed of four 
identical piezoelectric actuators and a polydimethylsiloxane (PDMS)–
based transparent polymer chamber accommodating a circular 
channel in which the ZFE was arranged (see also fig. S1). The piezo-
electric actuators, with thickness-mode resonance frequency of 
4.25 MHz, were positioned orthogonally to each other; see Fig. 1A.  
The zebrafish sample holder was positioned 2 mm off-center with re-
spect to the orthogonally positioned transducer pairs, thus enabling 
a wider manipulation range of ~100 mm. PDMS was selected as the 
material for the acoustic manipulation chamber due to being opti-
cally and acoustically transparent and chemically inert (43). Since 
the ZFE is also optically transparent, the combination with PDMS is 
ideally suited for use on inverted microscopes. For the experiment, 
clinically used ultrasound imaging agents “SonoVue” were carefully 
injected into the vasculature of ZFE at 72 hours postfertilization 
(hpf) by a high-precision pneumatic pico-pump. The microbubbles 
contained sulfur hexafluoride enclosed by a thin lipid-monolayer 
membrane, thus extending the stability of the microbubbles up to 
6 hours (44, 45). The embryo was carefully positioned in the circular 
channel and subsequently immobilized using an agar gel to ensure 
that it could not swim away or be made to drift by the presence of 
an acoustic field (see Materials and Methods). A pair of electronic 
function generators connected to the piezoelectric transducers were 
used to maneuver the microbubble in vivo. The excitation ultrasound 
frequencies were modulated from 4.0 to 4.25 MHz, and an applied 
peak-to-peak voltage (VPP) between 1 and 17.5 VPP was used. The 
whole setup was positioned on an inverted microscope with phase 
imaging capabilities to visualize and track the microbubbles inside 
the vasculature. Last, experimental images and videos were captured 
using high-sensitivity and high-speed cameras.

Here, we have developed an in vivo acoustic manipulation system 
using clinically approved, commercially available, biocompatible 
gas-filled polymeric-shelled microbubbles. The intravenously in-
jected microbubbles circulated freely within the vasculature of the 
ZFE. They drifted through the heart down the dorsal aorta (DA) 
toward the tail end of the embryo and then recirculated back into 
the heart through the posterior cardinal vein (PCV).

When acoustic waves propagate through ZFE sample holder, the 
incident acoustic energy is transmitted and reflected first at the 

PDMS/agar and then at the agar/ZFE interface according to the 
acoustic impedance mismatches (see also Fig. 1C and fig. S2). The 
acoustic impedance, Z, of a material can be computed as Z = rc, 
where r and c are the density of the material and the speed of sound 
in that material, respectively. We assume that the embryo has prop-
erties similar to that of other soft biological samples as listed in table 
S1 (43, 46, 47). The transmission is expressed by the intensity trans-
mission coefficient, T. At the interface between the embryo and the 
agar gel, the transmission can be calculated as  T = 1 −   [     Z  ZFE   −  Z  agar   _  Z  ZFE   +  Z  agar    ]     

2
  , 

where Zagar is the impedance of the agar solution, while ZZFE is the 
impedance of the ZFE. Since the acoustic impedance of PDMS, 
agar, and ZFEs is similar to each other (see also table S1), the acous-
tic wave intensity is transmitted 96.1% at the PDMS/agar interface 
and 99.9% at the agar/ZFE interface. The transmission through the 
soft materials is more than 90%. Thus, the size or geometry of ZFEs 
should not affect acoustic trapping.

As a pair of oppositely positioned horizontal piezoelectric trans-
ducers are activated at a similar frequency and amplitude, a 1D 
standing acoustic wavefield develops (48). The wavefield comprises 
of a series of pressure nodal and antinodal lines, which are separated 
by quarter wavelengths (see also Fig. 1E). This distance  d =   c _ 4f   de-
pends on the speed of sound of the material and actuation frequen-
cy. Similarly, if a second set of piezo transducers in the x direction is 
actuated, then they produce a standing wavefield propagating in the 
x direction. The two sets of wavefields interfere, and their superpo-
sition produces a 2D standing acoustic wavefield with nodal and 
antinodal points (48). The distance between each nodal point was 
measured to be 182 ± 17 mm at 4.2 MHz when actuated with 5 VPP. The 
1D and 2D lattice-like acoustic pattern produced inside a circular 
channel is shown in Fig. 1 (D and E) (see also movies S1 and S2).

When acoustic waves travel through a liquid containing micro-
particles, they induce a time-average acoustic radiation force on the 
particles (49). This force, which results from the scattering of in-
cident waves, is composed of primary and secondary radiation 
forces. The primary radiation force arises due to interactions of 
particles with the standing wavefield. The primary radiation force,   
F  R  (x ) = 4pf(  ~ k ,   ~ r  )  k  x    a   3   E  a   sin(2  k  x   x) , on a small spherical compressible 
particle at position x in an acoustic pressure field can be estimated 
from the time-averaged gradient of the Gor’kov potential (49, 50). 
The radius a of the particle in this case is much smaller than the 
acoustic wavelength l in a 1D standing wavefield of wave number 
kx. Ea denotes the acoustic energy density. The acoustophoretic 
contrast factor   F =   1 _ 3   [    5  ~ r  − 2 _ 2  ~ r  + 1  −   ~ k  ]     determines the directionality of 
the radiation force;   ̃  r   =    r  s   _  r  0    , where r0 and rs respectively denote the 
density of the liquid and of the particle;    ~ k  =    k  s   _  k  0    , where k0 and ks 
respectively denote the compressibility of the liquid and the parti-
cle. The acoustophoretic contrast factor F for polystyrene particles 
is +0.24 in water, suggesting that they will move to the nodal pres-
sure lines. In contrast, the behavior of the shelled microbubbles in 
an acoustic field is size dependent. Depending on size, the reso-
nance frequency ranges between 1 and 9 MHz, as indicated by the 
manufacturer (44, 51, 52). Microbubbles that have resonance frequen-
cies larger than the excitation frequency move to the pressure an-
tinodes, while those having a resonance frequency smaller than the 
excitation frequency move to the pressure nodes (51, 52). To clarify 
the trapping locations of the microbubbles, we filled a microchannel 
with SonoVue microbubbles. Under excitation frequencies between 
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When acoustic waves propagate through ZFE sample holder, the 
incident acoustic energy is transmitted and reflected first at the 

PDMS/agar and then at the agar/ZFE interface according to the 
acoustic impedance mismatches (see also Fig. 1C and fig. S2). The 
acoustic impedance, Z, of a material can be computed as Z = rc, 
where r and c are the density of the material and the speed of sound 
in that material, respectively. We assume that the embryo has prop-
erties similar to that of other soft biological samples as listed in table 
S1 (43, 46, 47). The transmission is expressed by the intensity trans-
mission coefficient, T. At the interface between the embryo and the 
agar gel, the transmission can be calculated as  T = 1 −   [     Z  ZFE   −  Z  agar   _  Z  ZFE   +  Z  agar    ]     

2
  , 

where Zagar is the impedance of the agar solution, while ZZFE is the 
impedance of the ZFE. Since the acoustic impedance of PDMS, 
agar, and ZFEs is similar to each other (see also table S1), the acous-
tic wave intensity is transmitted 96.1% at the PDMS/agar interface 
and 99.9% at the agar/ZFE interface. The transmission through the 
soft materials is more than 90%. Thus, the size or geometry of ZFEs 
should not affect acoustic trapping.

As a pair of oppositely positioned horizontal piezoelectric trans-
ducers are activated at a similar frequency and amplitude, a 1D 
standing acoustic wavefield develops (48). The wavefield comprises 
of a series of pressure nodal and antinodal lines, which are separated 
by quarter wavelengths (see also Fig. 1E). This distance  d =   c _ 4f   de-
pends on the speed of sound of the material and actuation frequen-
cy. Similarly, if a second set of piezo transducers in the x direction is 
actuated, then they produce a standing wavefield propagating in the 
x direction. The two sets of wavefields interfere, and their superpo-
sition produces a 2D standing acoustic wavefield with nodal and 
antinodal points (48). The distance between each nodal point was 
measured to be 182 ± 17 mm at 4.2 MHz when actuated with 5 VPP. The 
1D and 2D lattice-like acoustic pattern produced inside a circular 
channel is shown in Fig. 1 (D and E) (see also movies S1 and S2).

When acoustic waves travel through a liquid containing micro-
particles, they induce a time-average acoustic radiation force on the 
particles (49). This force, which results from the scattering of in-
cident waves, is composed of primary and secondary radiation 
forces. The primary radiation force arises due to interactions of 
particles with the standing wavefield. The primary radiation force,   
F  R  (x ) = 4pf(  ~ k ,   ~ r  )  k  x    a   3   E  a   sin(2  k  x   x) , on a small spherical compressible 
particle at position x in an acoustic pressure field can be estimated 
from the time-averaged gradient of the Gor’kov potential (49, 50). 
The radius a of the particle in this case is much smaller than the 
acoustic wavelength l in a 1D standing wavefield of wave number 
kx. Ea denotes the acoustic energy density. The acoustophoretic 
contrast factor   F =   1 _ 3   [    5  ~ r  − 2 _ 2  ~ r  + 1  −   ~ k  ]     determines the directionality of 
the radiation force;   ̃  r   =    r  s   _  r  0    , where r0 and rs respectively denote the 
density of the liquid and of the particle;    ~ k  =    k  s   _  k  0    , where k0 and ks 
respectively denote the compressibility of the liquid and the parti-
cle. The acoustophoretic contrast factor F for polystyrene particles 
is +0.24 in water, suggesting that they will move to the nodal pres-
sure lines. In contrast, the behavior of the shelled microbubbles in 
an acoustic field is size dependent. Depending on size, the reso-
nance frequency ranges between 1 and 9 MHz, as indicated by the 
manufacturer (44, 51, 52). Microbubbles that have resonance frequen-
cies larger than the excitation frequency move to the pressure an-
tinodes, while those having a resonance frequency smaller than the 
excitation frequency move to the pressure nodes (51, 52). To clarify 
the trapping locations of the microbubbles, we filled a microchannel 
with SonoVue microbubbles. Under excitation frequencies between 
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delivering a heart disease medication directly to the heart would 
enable precise observation of its metabolism, toxicologic effects, and 
elimination in that tissue. Furthermore, selective delivery by means 
of micromanipulation can aid in decreasing off-target effects and 
increasing therapeutic efficacy.

Here, we present an in vivo acoustic manipulation device and 
demonstrate microparticle manipulation under blood flow in the 
vasculatures of ZFEs. In particular, we show acoustic manipulation 
of gas-filled microbubbles with micrometer precision along with 
2D spatial control of a microbubble. We achieved this by designing 
the zebrafish chamber to be off-center and applying frequency 
modulation control of the acoustic field. We also demonstrate re-
versible manipulation, i.e., controlled back and forth motion, of mi-
crobubbles in the intersegmental vessels (ISVs) and the cerebral 
blood vessels of ZFEs. Last, we confirmed the viability of ZFEs in 
the presence of the acoustic field.

RESULTS
Experimental setup
Our in vivo acoustic manipulation device was composed of four 
identical piezoelectric actuators and a polydimethylsiloxane (PDMS)–
based transparent polymer chamber accommodating a circular 
channel in which the ZFE was arranged (see also fig. S1). The piezo-
electric actuators, with thickness-mode resonance frequency of 
4.25 MHz, were positioned orthogonally to each other; see Fig. 1A.  
The zebrafish sample holder was positioned 2 mm off-center with re-
spect to the orthogonally positioned transducer pairs, thus enabling 
a wider manipulation range of ~100 mm. PDMS was selected as the 
material for the acoustic manipulation chamber due to being opti-
cally and acoustically transparent and chemically inert (43). Since 
the ZFE is also optically transparent, the combination with PDMS is 
ideally suited for use on inverted microscopes. For the experiment, 
clinically used ultrasound imaging agents “SonoVue” were carefully 
injected into the vasculature of ZFE at 72 hours postfertilization 
(hpf) by a high-precision pneumatic pico-pump. The microbubbles 
contained sulfur hexafluoride enclosed by a thin lipid-monolayer 
membrane, thus extending the stability of the microbubbles up to 
6 hours (44, 45). The embryo was carefully positioned in the circular 
channel and subsequently immobilized using an agar gel to ensure 
that it could not swim away or be made to drift by the presence of 
an acoustic field (see Materials and Methods). A pair of electronic 
function generators connected to the piezoelectric transducers were 
used to maneuver the microbubble in vivo. The excitation ultrasound 
frequencies were modulated from 4.0 to 4.25 MHz, and an applied 
peak-to-peak voltage (VPP) between 1 and 17.5 VPP was used. The 
whole setup was positioned on an inverted microscope with phase 
imaging capabilities to visualize and track the microbubbles inside 
the vasculature. Last, experimental images and videos were captured 
using high-sensitivity and high-speed cameras.

Here, we have developed an in vivo acoustic manipulation system 
using clinically approved, commercially available, biocompatible 
gas-filled polymeric-shelled microbubbles. The intravenously in-
jected microbubbles circulated freely within the vasculature of the 
ZFE. They drifted through the heart down the dorsal aorta (DA) 
toward the tail end of the embryo and then recirculated back into 
the heart through the posterior cardinal vein (PCV).

When acoustic waves propagate through ZFE sample holder, the 
incident acoustic energy is transmitted and reflected first at the 

PDMS/agar and then at the agar/ZFE interface according to the 
acoustic impedance mismatches (see also Fig. 1C and fig. S2). The 
acoustic impedance, Z, of a material can be computed as Z = rc, 
where r and c are the density of the material and the speed of sound 
in that material, respectively. We assume that the embryo has prop-
erties similar to that of other soft biological samples as listed in table 
S1 (43, 46, 47). The transmission is expressed by the intensity trans-
mission coefficient, T. At the interface between the embryo and the 
agar gel, the transmission can be calculated as  T = 1 −   [     Z  ZFE   −  Z  agar   _  Z  ZFE   +  Z  agar    ]     

2
  , 

where Zagar is the impedance of the agar solution, while ZZFE is the 
impedance of the ZFE. Since the acoustic impedance of PDMS, 
agar, and ZFEs is similar to each other (see also table S1), the acous-
tic wave intensity is transmitted 96.1% at the PDMS/agar interface 
and 99.9% at the agar/ZFE interface. The transmission through the 
soft materials is more than 90%. Thus, the size or geometry of ZFEs 
should not affect acoustic trapping.

As a pair of oppositely positioned horizontal piezoelectric trans-
ducers are activated at a similar frequency and amplitude, a 1D 
standing acoustic wavefield develops (48). The wavefield comprises 
of a series of pressure nodal and antinodal lines, which are separated 
by quarter wavelengths (see also Fig. 1E). This distance  d =   c _ 4f   de-
pends on the speed of sound of the material and actuation frequen-
cy. Similarly, if a second set of piezo transducers in the x direction is 
actuated, then they produce a standing wavefield propagating in the 
x direction. The two sets of wavefields interfere, and their superpo-
sition produces a 2D standing acoustic wavefield with nodal and 
antinodal points (48). The distance between each nodal point was 
measured to be 182 ± 17 mm at 4.2 MHz when actuated with 5 VPP. The 
1D and 2D lattice-like acoustic pattern produced inside a circular 
channel is shown in Fig. 1 (D and E) (see also movies S1 and S2).

When acoustic waves travel through a liquid containing micro-
particles, they induce a time-average acoustic radiation force on the 
particles (49). This force, which results from the scattering of in-
cident waves, is composed of primary and secondary radiation 
forces. The primary radiation force arises due to interactions of 
particles with the standing wavefield. The primary radiation force,   
F  R  (x ) = 4pf(  ~ k ,   ~ r  )  k  x    a   3   E  a   sin(2  k  x   x) , on a small spherical compressible 
particle at position x in an acoustic pressure field can be estimated 
from the time-averaged gradient of the Gor’kov potential (49, 50). 
The radius a of the particle in this case is much smaller than the 
acoustic wavelength l in a 1D standing wavefield of wave number 
kx. Ea denotes the acoustic energy density. The acoustophoretic 
contrast factor   F =   1 _ 3   [    5  ~ r  − 2 _ 2  ~ r  + 1  −   ~ k  ]     determines the directionality of 
the radiation force;   ̃  r   =    r  s   _  r  0    , where r0 and rs respectively denote the 
density of the liquid and of the particle;    ~ k  =    k  s   _  k  0    , where k0 and ks 
respectively denote the compressibility of the liquid and the parti-
cle. The acoustophoretic contrast factor F for polystyrene particles 
is +0.24 in water, suggesting that they will move to the nodal pres-
sure lines. In contrast, the behavior of the shelled microbubbles in 
an acoustic field is size dependent. Depending on size, the reso-
nance frequency ranges between 1 and 9 MHz, as indicated by the 
manufacturer (44, 51, 52). Microbubbles that have resonance frequen-
cies larger than the excitation frequency move to the pressure an-
tinodes, while those having a resonance frequency smaller than the 
excitation frequency move to the pressure nodes (51, 52). To clarify 
the trapping locations of the microbubbles, we filled a microchannel 
with SonoVue microbubbles. Under excitation frequencies between 
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delivering a heart disease medication directly to the heart would 
enable precise observation of its metabolism, toxicologic effects, and 
elimination in that tissue. Furthermore, selective delivery by means 
of micromanipulation can aid in decreasing off-target effects and 
increasing therapeutic efficacy.

Here, we present an in vivo acoustic manipulation device and 
demonstrate microparticle manipulation under blood flow in the 
vasculatures of ZFEs. In particular, we show acoustic manipulation 
of gas-filled microbubbles with micrometer precision along with 
2D spatial control of a microbubble. We achieved this by designing 
the zebrafish chamber to be off-center and applying frequency 
modulation control of the acoustic field. We also demonstrate re-
versible manipulation, i.e., controlled back and forth motion, of mi-
crobubbles in the intersegmental vessels (ISVs) and the cerebral 
blood vessels of ZFEs. Last, we confirmed the viability of ZFEs in 
the presence of the acoustic field.

RESULTS
Experimental setup
Our in vivo acoustic manipulation device was composed of four 
identical piezoelectric actuators and a polydimethylsiloxane (PDMS)–
based transparent polymer chamber accommodating a circular 
channel in which the ZFE was arranged (see also fig. S1). The piezo-
electric actuators, with thickness-mode resonance frequency of 
4.25 MHz, were positioned orthogonally to each other; see Fig. 1A.  
The zebrafish sample holder was positioned 2 mm off-center with re-
spect to the orthogonally positioned transducer pairs, thus enabling 
a wider manipulation range of ~100 mm. PDMS was selected as the 
material for the acoustic manipulation chamber due to being opti-
cally and acoustically transparent and chemically inert (43). Since 
the ZFE is also optically transparent, the combination with PDMS is 
ideally suited for use on inverted microscopes. For the experiment, 
clinically used ultrasound imaging agents “SonoVue” were carefully 
injected into the vasculature of ZFE at 72 hours postfertilization 
(hpf) by a high-precision pneumatic pico-pump. The microbubbles 
contained sulfur hexafluoride enclosed by a thin lipid-monolayer 
membrane, thus extending the stability of the microbubbles up to 
6 hours (44, 45). The embryo was carefully positioned in the circular 
channel and subsequently immobilized using an agar gel to ensure 
that it could not swim away or be made to drift by the presence of 
an acoustic field (see Materials and Methods). A pair of electronic 
function generators connected to the piezoelectric transducers were 
used to maneuver the microbubble in vivo. The excitation ultrasound 
frequencies were modulated from 4.0 to 4.25 MHz, and an applied 
peak-to-peak voltage (VPP) between 1 and 17.5 VPP was used. The 
whole setup was positioned on an inverted microscope with phase 
imaging capabilities to visualize and track the microbubbles inside 
the vasculature. Last, experimental images and videos were captured 
using high-sensitivity and high-speed cameras.

Here, we have developed an in vivo acoustic manipulation system 
using clinically approved, commercially available, biocompatible 
gas-filled polymeric-shelled microbubbles. The intravenously in-
jected microbubbles circulated freely within the vasculature of the 
ZFE. They drifted through the heart down the dorsal aorta (DA) 
toward the tail end of the embryo and then recirculated back into 
the heart through the posterior cardinal vein (PCV).

When acoustic waves propagate through ZFE sample holder, the 
incident acoustic energy is transmitted and reflected first at the 

PDMS/agar and then at the agar/ZFE interface according to the 
acoustic impedance mismatches (see also Fig. 1C and fig. S2). The 
acoustic impedance, Z, of a material can be computed as Z = rc, 
where r and c are the density of the material and the speed of sound 
in that material, respectively. We assume that the embryo has prop-
erties similar to that of other soft biological samples as listed in table 
S1 (43, 46, 47). The transmission is expressed by the intensity trans-
mission coefficient, T. At the interface between the embryo and the 
agar gel, the transmission can be calculated as  T = 1 −   [     Z  ZFE   −  Z  agar   _  Z  ZFE   +  Z  agar    ]     

2
  , 

where Zagar is the impedance of the agar solution, while ZZFE is the 
impedance of the ZFE. Since the acoustic impedance of PDMS, 
agar, and ZFEs is similar to each other (see also table S1), the acous-
tic wave intensity is transmitted 96.1% at the PDMS/agar interface 
and 99.9% at the agar/ZFE interface. The transmission through the 
soft materials is more than 90%. Thus, the size or geometry of ZFEs 
should not affect acoustic trapping.

As a pair of oppositely positioned horizontal piezoelectric trans-
ducers are activated at a similar frequency and amplitude, a 1D 
standing acoustic wavefield develops (48). The wavefield comprises 
of a series of pressure nodal and antinodal lines, which are separated 
by quarter wavelengths (see also Fig. 1E). This distance  d =   c _ 4f   de-
pends on the speed of sound of the material and actuation frequen-
cy. Similarly, if a second set of piezo transducers in the x direction is 
actuated, then they produce a standing wavefield propagating in the 
x direction. The two sets of wavefields interfere, and their superpo-
sition produces a 2D standing acoustic wavefield with nodal and 
antinodal points (48). The distance between each nodal point was 
measured to be 182 ± 17 mm at 4.2 MHz when actuated with 5 VPP. The 
1D and 2D lattice-like acoustic pattern produced inside a circular 
channel is shown in Fig. 1 (D and E) (see also movies S1 and S2).

When acoustic waves travel through a liquid containing micro-
particles, they induce a time-average acoustic radiation force on the 
particles (49). This force, which results from the scattering of in-
cident waves, is composed of primary and secondary radiation 
forces. The primary radiation force arises due to interactions of 
particles with the standing wavefield. The primary radiation force,   
F  R  (x ) = 4pf(  ~ k ,   ~ r  )  k  x    a   3   E  a   sin(2  k  x   x) , on a small spherical compressible 
particle at position x in an acoustic pressure field can be estimated 
from the time-averaged gradient of the Gor’kov potential (49, 50). 
The radius a of the particle in this case is much smaller than the 
acoustic wavelength l in a 1D standing wavefield of wave number 
kx. Ea denotes the acoustic energy density. The acoustophoretic 
contrast factor   F =   1 _ 3   [    5  ~ r  − 2 _ 2  ~ r  + 1  −   ~ k  ]     determines the directionality of 
the radiation force;   ̃  r   =    r  s   _  r  0    , where r0 and rs respectively denote the 
density of the liquid and of the particle;    ~ k  =    k  s   _  k  0    , where k0 and ks 
respectively denote the compressibility of the liquid and the parti-
cle. The acoustophoretic contrast factor F for polystyrene particles 
is +0.24 in water, suggesting that they will move to the nodal pres-
sure lines. In contrast, the behavior of the shelled microbubbles in 
an acoustic field is size dependent. Depending on size, the reso-
nance frequency ranges between 1 and 9 MHz, as indicated by the 
manufacturer (44, 51, 52). Microbubbles that have resonance frequen-
cies larger than the excitation frequency move to the pressure an-
tinodes, while those having a resonance frequency smaller than the 
excitation frequency move to the pressure nodes (51, 52). To clarify 
the trapping locations of the microbubbles, we filled a microchannel 
with SonoVue microbubbles. Under excitation frequencies between 
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Manipulation of bubbles inside embryos
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Acoustophoretic handling of droplets

• Discretized planar resonator 
platform and a single flat reflector

• Langevin piezoelectric 
transducers excited by a single 
sinusoidal signal voltage of 
ultrasound frequency

• Spatiotemporal modulation of the 
acoustic field

• Millimeter-sized droplets 
transported at mm/sec speed

19



Acoustophoretic handling of droplets
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Transport of elongated objects

• Controlled rotation and translation of objects with anisotropic shapes
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Acoustic Holograms

• Moving particles to predetermined location: spatial and temporal effects

• (a) Arrays of transducers each with a different phase

• (b) 3D printed finely contoured solid plastic block with varying thickness 
(phase modulation using a monolithic element)
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Array of Transducers (movies)

• Controlled 3D trapping, translation and rotation with a single-sided 
independently driven array of sources operating in air (no reflective surface)

• Optimally adjust the phase delays: formation of acoustic traps
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Volumetric Display (movie)
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In vivo particle manipulation

25

source or changing the frequency to adjust the location of the
pressure extremum where the object is held.
Although the radiation force depends on many factors, a re-

gion of low intensity surrounded by a region of high intensity
defines an intensity well that can provide a method to trap and
steer an object. Vortex beams are commonly used to create such
an intensity well (20–23). The vortex is created by varying the
phase of the wave emitted across a transducer surface so that it is
generating a helical wavefront (24). In this case, the phase must
increase linearly with the circumferential angle and helicity must
have a pitch so that it is continuous around the circumference.
The outcome is destructive interference of the wave on-axis, but
constructive interference off-axis, resulting in an intensity ring in
the plane transverse to the beam axis. If the ring is placed around
an object and shifted transversely, force from the higher-intensity
ring on one side of the object will generally “push” it back toward
the center of the ring. An object can then be repositioned by
manually moving the acoustic transducer, or by using a trans-
ducer array and electronically steering the beam by altering the
phase of the wave emitted from each element. Movie S1 illus-
trates steering of a spherically focused beam and a focused
vortex beam. Using this concept, an object can be steered con-
trollably in two dimensions transverse to the beam axis.
For our application, it is desirable to use a single source to trap

and move an object in 3D. The vortex beam approach can be
extended to control the object along the axis as well. In most
cases, the axial force of the beam is directed away from the
source because backward scattering and absorption of the vortex
by the object dominate forward scattering, especially if the object
is large or dense (25, 26). However, the object can be axially
stabilized when the force pushing the object away from the
transducer is counterbalanced by gravity as the force pulling the
object toward it. The beam can then be electronically steered to
move the object. The state of the art has demonstrated the ability
to move small or lightweight objects, including cells under a
microscope (27, 28), 100-μm droplets (29) and polystyrene par-
ticles (30) in water, or foam balls in air (23, 31).
The goal of the work presented herein was to transcutaneously

manipulate an object within a living animal body using the beam
from a single transducer. We developed a system (22, 32) and
methods to produce 3D manipulation of a millimeter-sized ob-
ject chosen to mimic a kidney stone. We successfully demon-
strate both in a water bath and in live pigs, the ability to execute
complex motion to remotely move an object along a path entirely
controlled by the acoustic field under ultrasound image guid-
ance. Analysis of intervening tissue exposed during manipulation
confirmed the safety of such a procedure.

Results
Beam Synthesis. A 256-element, focused array with a 15-cm ap-
erture and a 12-cm focal distance was operated at 1.5 MHz to
synthesize vortex beams. Fig. 1 shows the array and the hollow
hourglass structure of a vortex beam used for acoustic trapping.
The beam is created by altering the phase among elements while
their amplitude remains constant. Fig. 1A shows the imposed
element-to-element phase delay increases in proportion with the
circumferential angle around the array from zero to 2πM, where
M is an integer known as the topological charge. M = 0 implies
that the entire transducer surface is oscillating in-phase, which
produces a spherically focused beam, resulting in a peak rather
than a null on-axis at the focus. Otherwise, the magnitude of M
controls the diameter of the vortex ring of acoustic intensity or
pressure (Fig. 1B), while the sign of M changes the helicity of the
wavefront to either clockwise or counterclockwise direction. In
this paper, to label the applied beams, we use a nomenclature of
M followed by the topological charge with the beam diameter in
parentheses. For example, M4 (3.4 mm) denotes a topological
charge of alternating pulses of M = 4 and −4 to prevent the
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Fig. 1. A diagram of the element phasing and simulated focal-pressure field
of a vortex beam with topological charge M = 4 (A), and transverse (B) and
axial (C) slices of the simulated pressure field without focus steering and
electronically steered 7 mm horizontally off the axis. The steering to the
right is indicated by the white arrows. The pressure amplitude distribution is
symmetric when the beam is focused on the array axis but is asymmetric
when focused off the axis.
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camera-recorded movies. Upon necropsy, no gross injury was
observed in the targeted regions as a result of the ultrasound
exposure, although some minor injury (i.e., puncture from the
guidewire) was observed related to the insertion of the sphere.
Gross evaluation of the intervening tissue showed no signs of
damage. No histological evidence of injury was observed in
Hematoxylin and Eosin (H&E) stained cross-sections of the
targeted region of the bladder walls of the three pigs. Histolog-
ical evaluation showed no signs of damage to the bladder mu-
cosa, submucosa, or underlying tissue from any of the ultrasound
exposures (Fig. 7).

Discussion
The physical foundation to manipulate objects has been known,
and others have previously manipulated small or lightweight
objects, even pulled specific objects toward the source (26, 30).
Here, specific beams were synthesized with a multielement ul-
trasound phased array and demonstrated to manipulate a 3-mm
glass sphere inside a living body, without harmful effects to the
intervening tissue. The objects were moved by lifting and elec-
tronic steering in the 3D fluid space and by moving the array and
dragging the object along the bladder surface. Simply increasing
the output power did not improve the trapping, and subtler
techniques were developed and described.
The limitations of the present work include theoretical con-

sideration of only spherical shapes and the small range of mo-
tion. However, the paint on the glass spheres used in vivo tended
to slough and biological material could agglomerate, making
them not perfectly spherical when moved. In addition, targets
such as urinary stones may be of mixed and heterogeneous
composition and contain fluid-filled voids, which affect acoustic
scattering. When a vortex beam is used to move an irregularly
shaped or heterogeneous object, the object is more likely to spin
and slip from the trap, although we have been able with iterative
selection of pulsing parameters to trap and move irregular

natural stones in 2D (against a surface) and 3D.The design of
our array limited the distance the objects could be moved off-
axis, and our future work will extend to designing arrays with
larger range capability. In particular, lowering the frequency so
the wavelength is larger than the object would minimize the ef-
fects of geometric heterogeneities and flattening the array would
allow a larger manipulation region.
The in vivo tissue barrier possessed particular challenges in

that the heterogeneous tissue moving with respiration weakens
and disrupts the beam through attenuation and aberration.
Existing techniques to compensate for tissue aberration, for ex-
ample, time-reversal acoustics (35–37), were not employed but
would arguably improve the trapping stability and efficiency.
Most importantly, our application appeared safe. The highest
acoustic exposure, used in the first pig, reached a spatial-peak,
temporal-average intensity ISPTA of 67 W/cm2, a spatial-peak,
pulse-average intensity ISPPA of 134 W/cm2, and a nonderated
mechanical index (MI) of 1.14, where this nonderated MI is the
peak pressure measured in water of 1.4 MPa divided by the
square root of frequency of 1.5 MHz. For reference, the regu-
latory limits placed on diagnostic ultrasound instruments are
ISPTA = 0.720 W/cm2, ISPPA = 190 W/cm2, and MI = 1.9, where
MI uses a peak negative pressure measured in water derated to a
lower pressure in situ to account for attenuation of the ultra-
sound by the tissue (38). The parameters applied during exper-
iments are within the diagnostic limits for ISPPA and MI, which
define safety related to the cavitational mechanism of injury.
ISPTA, which defines the potential for thermal tissue injury,
exceeded the diagnostic limit by a factor of 100, but the di-
agnostic level is conservatively set based on thermal risks to
developing embryos. Although gross inspection and histological
analysis indicated no apparent thermal effects to the tissue, we
did not measure temperature changes in these experiments, and
further efforts will be necessary to define the thermal safety

Fig. 4. Transcutaneous acoustic manipulation of a 3-mmglass sphere inserted through the ureter into the bladder of a pig. The array and center-mounted ultrasound
imaging probe were submerged in a water tank with the side of the pig midsection under the water level for acoustic coupling. The glass sphere was painted blue for
ease of observation by the camera in the bladder. The ultrasound scanner was synchronized with the manipulation pulses for real-time imaging at 15 Hz.

16852 | www.pnas.org/cgi/doi/10.1073/pnas.2001779117 Ghanem et al.
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Monolithic Acoustic Holograms

• Complex 3D pressure and phase distribution produced by the hologram

26



Monolithic Acoustic Holograms

• Top plane of the confinement is coplanar with the reconstruction image plane

• Acoustic radiation force pushes particles up and organize

27



Monolithic Acoustic Holograms

• Focus on the water surface

• Phase gradient provides the driving 
force to push the particles along the 
path defined by the pressure

28



Vortex streaming: miniaturized acoustic tweezers

• Combine radiation force with streaming force

• Eckart streaming

• Radiation force scale with volume, drag scales with diameter

• 5 µN levitation force (1.5 mm) where radiation force is 0.02 µN

29

map of the PDMS lens is calculated from the corresponding 2D
phase delay map based on the sound wavelength difference in
PDMS material and water (see “Methods” for details). The
resulting 3D shape of the lens is shown in Fig. 1a and has the
height contour lines following the Fermat-Archimedes spiral
branches.

Simulation of the acoustic field and streaming field. The finite
element simulations of the acoustic wave propagation were per-
formed in the frequency domain using the open-source finite
element solver Code Aster40. The simulation domain is a 3D
waveguide where the bottom wall represents the wave source and
the normal axis (z) is the propagation direction. The analytically
calculated phase field at the source plane was used as a boundary
condition for the bottom plane (z= 0). The side walls were
treated as hard wall boundaries, and the anechoic exit condition
was assigned to the top boundary plane. The weak form of the
Helmholtz equation is numerically solved by Code Aster in the
single-phase acoustics settings, and the acoustic intensity and
complex pressure amplitude is calculated in the entire 3D
simulation domain.

The results in the Oxz sectional plane represent the develop-
ment of the vortex trap pattern in the propagation direction with
the maximal amplitude observed near the focal position (see
Fig. 1b). The phase signature in the center part of the focal plane
indicates the orbital angular momentum characteristic for the
focused vortex beams. Figure 2b–i shows the numerical and
experimental results in two sectional planes: the Fxy focal plane
and the Oxz central section of the box. The intensity and phase
field structure in the focal plane matches the signature of the
focused vortex trap described in the previous works17. The finite
element results show good agreement with their experimental
counterparts.

The acoustic streaming flow was simulated using another
open-source tool, OpenFOAM41. The streaming effect modeling
was performed in three stages as previously suggested in ref. 42: (i)
simulation of the wave propagation in time domain using the
compressible flow computational fluid dynamics(CFD) solver, (ii)
time-averaging of the effective non-linear equation term to
calculate the body force driving the acoustic streaming flow, and
(iii) using the incompressible steady-state CFD solver to calculate
the streaming velocity field by adding the effective external force
equation term calculated in step (ii). All the required solvers are

included in the default OpenFOAM distribution with minor
additional code modifications required.

The results of the streaming fluid flow simulation are presented
in Fig. 3. Figure 3b, c show the streaming velocity magnitude
distribution in the focal plane (z= 30 mm) and the sectional
plane in the sound wave propagation direction (Oxz). The results
in the Oxz plane show a significant outward fluid flow away from
the sound source near the focal point (Fig. 3c). The flow
converges and increases in magnitude towards the focal plane and
carries simulated particles from the periphery of acoustic lens
region towards the axis of symmetry. The focal plane section
results indicate that the simulated flow magnitude is actually
weaker along the axis itself but reaches the maximum in the
surrounding cylindrical region, forming a fluid vortex where the
acoustic vortex is located (Fig. 3b). These combined effects will
not only trap the particle in the x–y plane, but provide a strong
localized drag flow for levitation and thus trapping in the z
direction.

Experimental demonstration of 3D trapping. Measurements
confirm that the design is capable of 3D particle trapping can be
used to move a particle along a prescribed trajectory in three
dimensions. The lens in the experiment was fabricated with
(PDMS) molding. It is then attached to a PZT disk 38 mm in
diameter and 4.1 mm in thickness, with a 500 kHz resonance
frequency. The acoustic field created by the lens is first measured
by a hydrophone attached to a 3D positioning stage, as illustrated
in Fig. 2a. The scanned acoustic pressure and phase profile across
x–y plane and x–z plane in Fig. 2f–i shows good agreement with
the corresponding simulations. The discrepancy between simu-
lation and experiment can be attributed to the slight error in the
phase profile caused by fabrication error, slight change of sound
speed in water due to the impurity, and shear modulus in PDMS.
The acoustic node along the z axis where the particles can be
trapped is clearly seen. Compared with a cylindrical vortex that
generates a non-negligible secondary ring, the spatial selectivity of
such a focused vortex is greatly enhanced24,29.

The acoustic streaming field is measured with particle image
velocimetry (PIV). The experimental setup is illustrated in Fig. 3a.
Polyamide seeding particles with mean size 60 μm are dispersed
in the de-ionized water. A fan-shaped 532 nm laser beam is
aligned with x–z plane. Light scattered by the seeding particles is
then captured and recorded by a camera, therefore the flow field
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Fig. 1 Schematics of the design and working principle. a Creating a focused acoustic vortex for in-plane particle trapping, and the localized gradient
streaming field levitates the particle, providing trap in the third dimension. Inset shows a photo of the fabricated device. b Evolution of the intensity and
phase fields across different cut planes along z axis. The field is gradually focused as it propagates, keeping the spiral phase profile in the central region.
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can be indirectly measured by tracking the particles using an
ensemble correlation PIV algorithm. The results in Fig. 3d show
that the upward flow converges to the focal point, reaching
maximum velocity at the focused region, and diverges after
passing the focal plane. The drag force provided by such a
localized steady flow as the serves as levitating force and enables
the 3D trapping and manipulation.

To demonstrate the 3D trapping capability of the proposed
acoustic tweezer, we first demonstrate suspending a cellulose
acetate polymer sphere as shown in Fig. 4a and Supplementary
Movie 1. The particle has a diameter 1.5 mm with density 1.3 g/

cm3 and bulk modulus 4.8 GPa, which is denser and stiffer than
water. The source is driven by a root-mean square (RMS) voltage
42 V. The particle is levitated at z= 42 mm. The calculated
levitation force provided by the tweezer, calculated by the
difference between gravity and buoyancy, reaches 5.2 μN, which is
3 orders of magnitude larger than the previously reported tweezer
that relies on radiation force33. The radiation force field in our
case is calculated semi-analytically, and the lateral force along the
center line in the trapping plane is shown in Fig. 4b, while the
radiation force along the z axis is shown in Fig. 4c. The red dots
denote the trapping position. We can see at the trapping position,
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Fig. 3 Streaming field measurement setup and results. a Illustration of the streaming field measurement setup. b Simulation of streaming velocity field
within x–y plane at z= 30mm. The streaming flow is focused in the central region, forming a streaming vortex. c Simulation of streaming velocity field
along x–z plane at y= 0mm. The velocity increases towards the focal point, and gradually decreases after a certain height. The low velocity along the node
line is the results of the streaming vortex. The red dot denotes the trapped particle. dMeasured streaming velocity field along x–z plane at y= 0mm, in fair
agreement with the simulation. The red lines denote the streamline, while the green arrows show the local streaming velocity.

Holder

Lens

Levitated
particle

z0 = 42 mm

start end

x
y

z

10

-30 -20 -10
x / mm

-5

0

5

Fx
 (N

)

-7

0 10 20 30 100
z / mm

-2

0

2

F z
 (N

)

10-7

500

20 30 40 50 60 70 80 90 100
z (mm)

0

20

40

60

80

Ve
lo

ci
ty

 (m
m

/s
)

Simulation
PIV measurement

(a) (b) (c)

(d)

1 cm

Fig. 4 Experimental demonstration of particle levitation and movement. a The red particle is stably trapped in 3D at z0= 42mm (Supplementary
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Chladni Plate (movie)

• Moving objects on a vibrating plate

• Ernst Chladni in 1787: Aggregation of sand onto nodal lines

• By playing carefully selected musical notes, one can control the position 
of multiple objects simultaneously and independently
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Chladni Plate

• Position error: 120um (600 um object)

• Duration, amplitude, and frequency of different tones
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Interdigital Transducers (IDTs)

• Pairs of electrodes with a linear gradient in their finger period patterned 
on a piezoelectric substrate (lithium niobate, LiNbO3)
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Interdigital Transducers (IDTs)

• Absolute node location: xn=nl/2 for nth order pressure node

• Move higher-order nodes (n > 0) by altering the applied signal frequency

• Node displacement (18.5 to 37 MHz corresponds to l～100-200 um)
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Digital acoustofluidics

• Fluidic manipulation between potential wells

• A dense carrier layer of fluorinated oil on LiNbO3 substrate

• Bulk waves and leaky surface acoustic waves: two symmetric fluid jets
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Digital acoustofluidics: Mechanism

• Simulation results
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Digital acoustofluidics

• Streamlines
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Acoustic forces acting on microscale objects
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Oscillating bubbles

• Ultrasound-driven microbubbles as contrast agents for imaging

• Cavitation: Collapse of bubbles for opening pores in biological 
membranes

• Acoustic streaming around an oscillating bubble
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Bubble as a propeller

• Trapping bubbles inside hydrogel microstructures
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Bubble as a propeller

42

• Bubble size: 45 um

• Oscillation amplitude is largest 
when the driving field is resonant 
with natural frequency of the bubble



Bubble as a propeller
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Bubble as a propeller

• Selective actuation

• Quality factor is around 25

• A small difference in diameter 
yields a robust separation in 
frequency

• Two swimmers with bubbles of 
different radii

• 74 kHz vs 91 kHz 
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Acoustic streaming and magnetic steering
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Bubble microactuators
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Acoustic streaming force
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20 µm



Measurement of water-air interface
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Secondary acoustic radiation force
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Reference signal
Laser signal



Analytical model
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• Natural frequencies à max forces

• Natural frequencies & vibration modes

• FSI problem



Numerical simulations
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• Natural frequencies à max forces

• Natural frequencies & vibration modes



Finite element analysis
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• Estimate the streaming patterns



Multi-DOF actuation
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Manipulation of bubbles inside cerebral arteries
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Manipulation of bubbles inside cerebral arteries
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Bubble-bubble interactions
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Linear and bending actuators
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Rotary actuation

58

• Multi material two-photon printing (TPETA + PETA)

– PETA, E ≈ 3 GPA

– TPETA, E ≈ 12.7 MPA



Bidirectional torsional microactuator
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Manipulation of bubbles inside cerebral arteries
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• Characterization – Frequency sweep à 82.5 kHz, 222 kHz



Calculation of forces via FEM

61

• Calibration 

– Run the actuator at different frequency and pressure

– Pressure vs angular displacement curve

• Analytical model to calculate forces and torques

– Estimate bar stiffness from finite element simulations

– Fit experimental data to calculate beta
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Rotational manipulation using acoustic waves

• Experimental observations
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Rotational manipulation using acoustic waves
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Acoustic Streaming: Oscillating solid structures
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Acoustic Streaming: Oscillating solid structures
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Acoustic Streaming: Oscillating solid structures

66



3D printed micro-thrusters
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50 μm

15 μm

25 μm

• Boundary (Rayleigh) streaming with sharp-edged structures  



Acoustic control of motion
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15 μm

Frequency selective activation Pulse width modulation



3D printed untethered microfluidic pumps
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• Cylindrical casing for channeling flow



Experimental platform
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• Clinically-relevant (focused) ultrasound powering
• High-speed imaging, flow visualization, laser vibrometer, hydrophones



Comparison Table
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